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Abstract
The continuous consumption of traditional fossil fuels and serious global
environmental problems are bringing forward the need to explore green and 
sustainable energy sources as well as storage technologies. In this context,
electrochemical energy storage systems have attracted much attention. Among the 
electrochemical energy storage systems, potassium-ion batteries are an exciting new 
type of “rocking chair” batteries utilising organic electrolytes and potassium, an 
abundant chemical element (2.09 wt.% in the Earth’s crust), as a shuttle. They are 
expected to become the next generation energy storage technology.  An important 
point to make is that potassium-ion batteries are not necessarily a replacement to 
current lithium-ion batteries, but can be electrochemical energy storage solutions with 
their own niche applications, particularly in the range of stationary uses such as 
energy-efficient power grids, localised storage of electricity generated from 
photovoltaic cells at home and, more generally, storing excess electricity in the 
downtime periods of energy generation from renewable sources.
Among the three major components of a battery, the anode is the key
constituent of any battery and defines, to a large extent, the characteristics and 
practicality of various battery systems. The anode materials that operate via the 
alloying-dealloying reaction mechanism are well known in established and maturing 
battery systems such as lithium-ion and sodium-ion batteries. Until recently, however, 
little knowledge has been available on materials that can alloy electrochemically with 
potassium. Meanwhile, the materials that can alloy with alkali elements often offer 
extremely high volumetric and gravimetric capacity and can be promising anode 
candidates for this reason. 
In this thesis, a series of alloy-based composite anodes such as tin-carbon, 
silicon-graphene, black phosphorus-carbon and antimony-carbon composites are 
studied as initial candidates for the use in potassium-ion batteries. Disappointingly, 
silicon-based composites have demonstrated no apparent electrochemical reactivity 
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with potassium in my experiments. On the other hand, a Sn-based anode shows an 
alloying-dealloying behavior with potassium with a reversible capacity of 150 mAh g-
1. It is demonstrated that this material is active at low potentials Vs. K/K+ with the 
formation of alloy phases. Additionally, black phosphorus-carbon composites are very
reactive with potassium and deliver the first cycle reversible capacity of 617 mAh g-1.
It is confirmed by ex-situ XRD analysis that black phosphorus operates via an 
alloying-dealloying mechanism with the formation of the end product of KP alloy. 
Furthermore, samples of antimony-carbon composites with different weight ratios of 
components are synthesized to determine the influence of the component ratios and Sb 
particle sizes on the cycling stability of the electrodes. A composite Sb-C 1:1 (by 
weight) electrode exhibits a better cycling stability; however, a capacity drop is still 
observed after a certain number of cycles. The effects of binders and an electrolyte 
additive have also been explored for an antimony-carbon composite.  
It is now confirmed that a number of materials are indeed capable of alloying 
with potassium and display a promising level of capacities exceeding that of graphite. 
Therefore, it will be of a great academic interest and practical importance to study 
these materials and their appropriately engineered composites further for the 
application in potassium-ion batteries.  
Three peer-reviewed journal articles based on the outcomes of this thesis have 
been published, and one more article is currently under preparation.
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Chapter 1
Introduction and literature review
1.1 Background
Energy is essential for human survival and development. Unfortunately, it is now 
universally recognised that the world is fronting energy challenges. This major issue 
is addressed by two main frontiers: (i) shifting electricity production from burning 
fossil fuels and biomass to sustainable energy sources, and (ii) moving ground 
transportation towards electrical propulsion. To respond to these concerns, wind, 
wave, solar radiation and geothermal energy have been developed [1]. Nevertheless, 
these sources are limited by weather, time and location. Therefore, it is important to 
rapidly develop an energy storage system which can integrate the renewable energy 
into the grid smoothly and effectively. At present, there is a general agreement that the 
secondary batteries are one of the most encouraging means for storing electricity on a 
large scale, due to their flexibility and high energy conversion efficiency [2-4].
The secondary batteries, especially rechargeable lithium-ion batteries, are 
capable of storing and releasing electric energy for many times. The application of 
lithium-ion batteries as a major power source in portable devices and electric vehicles 
is speedily expanding; however, the current lithium-ion battery technology is facing 
some obvious challenges, such as limited reserves and lack of distribution of lithium 
across the world [1, 5]. According to literature, the global lithium reserve is 30-50 MT,
and most of the lithium reserve have been found in isolated locations and only a limited 
number of countries. Accordingly, the future supply of lithium is strongly dependent 
on those specific countries [5, 6]. Considering these challenges, the move to the large 
scale production of lithium precursors would require a significant capital and a long 
lead time to the processing of raw material, which ultimately leads to higher expenses 
and a more costly product. Several reports indicate that recycling of lithium can 
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support the supply of lithium by 2050 with a recycling rate of 50-100%; however, the 
current recycling rate is less than 1%. Furthermore, there is a shortage of advance
technology and facilities as well as economic incentives for lithium recycling to meet 
the huge requirements for storing energy [5-7]. Thus, there is an immediate need to 
come up with an alternative energy storage technologies based on the earth abundant
elements to meet today’s as well as the future energy demands.
In pursuit of alternatives to lithium-ion batteries, two nearest neighbour
elements (Na and Mg) have been focused on during the past decade. Certainly,
potassium (K) is a competitive option as it is a neighbouring element which may have 
similar chemical and physical properties to lithium in many aspects. Additionally, 
potassium also has a significant advantage of possessing a redox potential quite close 
to that of lithium, with only about 0.12 V of difference. This suggests that high voltage 
batteries similar to the lithium-ion batteries in terms of their practical voltages but 
superior to the sodium-ion batteries can be realized [8]. The energy density of 
potassium-ion battery is forecasted to be a bit lower than that of lithium-ion batteries; 
however, an opportunity for large-scale energy storage and a lower cost have to be 
considered. As potassium is the seventh most abundant element in the Earth’s crust, a 
low cost of production is expected [9]. Hence, potassium-ion batteries are a promising 
candidate for the application in large-scale energy storage systems. 
Potassium-ion batteries have been first investigated for electrochemical energy 
storage in 2004 [10]. Recently, potassium-ion batteries are becoming an attractive 
research topic among the researchers for the development of this system considering 
its feasibility. Many of electrode candidates for lithium-ion and sodium-ion batteries 
have been tested for K+ storage, although their cycling performance, specific capacity 
and rate capability are not satisfactory yet. The ionic radius of potassium (1.38 Å) is 
larger than that of lithium (0.76 Å) and sodium (1.02 Å) [11]. As a result, the ionic 
diffusion and storage mechanism of K+ are different from those in lithium-ion and 
sodium-ion batteries, causing some difficulty to find suitable electrode materials for 
potassium-ion batteries [8]. In the case of anode materials, a major problem is 
associated with volume expansion that leads to mechanical degradation of electrodes, 
resulting in a poor cycle life. Therefore, it is crucial to find suitable electrode materials 
for advancing the future of potassium-ion batteries and to enhance the electrochemical 
properties through different strategies. Moreover, many features of the fundamental 
science remain poorly understood towards potassium-ion battery operation. The 
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electrochemical potassiation/depotassiation mechanism including physical changes 
and nature of redox reaction is one of them. Hence, understanding of the 
electrochemical potassiation/depotassiation in electrode materials will provide a
noteworthy improvement in the field of potassium-ion batteries and will greatly assist 
the search of novel battery materials for this emerging battery type.
1.2 Objective of the thesis
The aim of this thesis is to explore suitable anode materials for potassium-ion batteries.
As we know, intercalation of potassium has been studied noticeably less than lithium 
and sodium intercalation until now. Limited reported preliminary results indicate that 
there exist electrode structures that may work well in potassium cells. Considering this,
a group of high capacity electrode materials needs to be investigated for their 
prospective use in potassium-ion batteries. It is known that certain elements from 
groups IV and V are able to alloy reversibly with both Li and Na metals and, 
correspondingly, possess high gravimetric and volumetric capacities in lithium and 
sodium cells [12, 13]. In this thesis, my main focus is to explore the ability of a number 
of electrode materials (in the form of Sn-, Si-, P- and Sb-based composites) to function 
as prospective anode materials for the next-generation potassium-ion batteries. It is 
anticipated that the tin, silicon, phosphorus and antimony components of these 
composite materials may alloy electrochemically with potassium, providing attractive 
capacity levels. Additionally, a deeper understanding of alloying/de-alloying 
mechanisms with K+ is also essential. The detailed objectives of this thesis are: 
 evaluation of a number of anode materials (containing Sn, Si, black P and Sb) 
for potassium-ion batteries;
 characterization of the synthesized electrode materials using various 
techniques to understand their structural, morphological, physical and 
electrochemical properties; 
 understanding the fundamental electrochemistry of alloying/de-alloying 
process during the electrochemical potassiation/depotassiation;
 contributing to the next technological breakthrough in the field by opening up 
a pathway for the next generation potassium-ion batteries.
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1.3 History of potassium-ion battery development 
Batteries have a very long history of consumer use. The development of modern 
batteries as a form of energy storage can be traced by Galvani in 1790s. In 1800, Volta 
built the first battery consisting of alternating zinc and copper disks separated by paper 
and soaked in an aqueous electrolyte. In the next 200 years battery technology 
GHYHORSHG UDSLGO\ *DVWRQ 3ODQWࣉ D )UHQFK UHVHDUFKHU ILUVW introduced lead acid
battery in 1859, and nickel-cadmium and nickel-iron batteries were discovered in early 
1990s [14].
The history of metal ions (Li+, Na+) as charge carriers for electrochemical 
energy storage at ambient temperature begins before 1980. The use of Li metal has 
been first presented in 1970s with the assembly of a non-rechargeable Li cell [15]. The 
first non-rechargeable Li cell consisted of a Li metal acting as a negative electrode, 
thionyl chloride (SOCl2) as a positive electrode and lithium tetrachloroaluminiate
(LiAlCl4) as an electrolyte [16]. Unfortunately, this battery had a major problem of 
releasing sulphur-dioxide gas, resulting in the pressure increase inside the cell. 
Consequently, a more feasible concept of a lithium-ion battery has been developed by 
Stanley Whittingham at Exxon Laboratories in 1972 using titanium sulphide (TiS2) as 
a positive electrode and lithium as a negative electrode with lithium perchlorate in 
dioxolane as an electrolyte [17]. TiS2 was the best intercalation compound available 
at that time but safety, low operating potential and cost limited its commercialization. 
Layered oxide materials have been the next target in the search of suitable cathode 
systems.  Molybdenum oxide (MoO3) and vanadium pentoxide (V2O5) have been the 
initial layered cathode materials studied but these materials have showed low rate 
capabilities and capacity fading during cycling [18-20]. In the 1980s, Goodenough and 
his co-workers have discovered the open framework LixMO2 (M = Co, Ni or Mn) 
family of compounds as more suitable positive electrode materials [21-23]. They 
recognized that lithium could be inserted and de-inserted electrochemically in the 
layered structure of LiCoO2, which made LiCoO2 a very promising cathode material. 
On the other hand, the introduction of carbon as an anode material in lithium-ion 
batteries also has a long history. In 1976, the insertion of lithium in graphite host lattice 
from a conventional non-aqueous solvent has been reported [24]. However, the 
breakdown of the graphitic host during intercalation/de-intercalation appeared as a 
major problem at the time. Sony Corporation reported that lithium insertion could be 
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successfully carried out into disordered carbon materials and in 1991 they were the 
first to commercialize the rechargeable lithium-ion batteries with LiCoO2 as a cathode 
and a disordered carbon-based material as an anode. After the commercialization, 
lithium-ion batteries became the most suitable power source for portable electronics 
including mobile phones, camcorders, and laptops [25].
Another type of metal-ion batteries is sodium-ion batteries and the research on 
these started simultaneously with the research on lithium-ion batteries in late 1970s.
However, sodium-ion batteries did not receive much attention initially mainly due to 
the excellent performance of lithium-ion batteries. While lithium-ion batteries are 
quite mature now, there are still some problems that cannot be solved such as limited 
lifetime, low safety, poor performance at a low temperature and, most importantly, 
unavailability of Li resources. A possible solution towards overcoming some of these 
problems is to identify non-lithium ion batteries based on alternative metal ions. 
Sodium is one primary example, as its reserves are significant, almost unlimited in the 
Earth’s crust and the sea. In fact, it is recognised as the fourth most abundant element 
in the Earth’s crust [9]. In 1980, Newman and Klemann were the first to report high 
reversibility of sodium intercalation into TiS2 at room temperature, demonstrating the 
possibility of an ambient temperature cell with sodium metal anode [26]. In 2002, 
Baker et al. [27] have filed the patent on sodium-ion batteries, describing a full cell 
with NaVPO4F as a positive electrode and hard carbon as a negative electrode.  After 
several years, in 2010, sodium-ion batteries started to emerge again, and a large 
number of researchers are currently concentrating their research on this battery system 
for large scale energy storage. At present, commercialization of sodium-ion batteries 
is attempted by several companies. In 2013, Sumitomo Chemical Co. Ltd have
demonstrated a pouch type full cell using O3-type NANi0.3Fe0.4Mn0.3O2 cathode [28].  
Recently, the Centre National de la Recherche Scientifique (CNRS) and the French 
Research and Technology Transfer Network (RS2E) have launched the first 
commercial cylindrical 18650 sodium-ion batteries capable of providing 2000 cycles 
with an energy density of 90 Wh Kg-1 [29]. In 2015, FARADION have developed 
prototype sodium-ion batteries to be used to power an electric bicycle [30]. These 
commercialization efforts open the door for using other meal ions for electrochemical 
energy storage systems.
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Figure 1.1 The annual number of publications on non-aqueous potassium-ion 
batteries. The number in 2017 refers to the articles published from January to early 
April. Reprinted with permission from [33]. Copyright 2017 American Chemical 
Society.
Similarly to sodium, potassium is also a relatively abundant element in Earth’s crust 
and is expected to have a lower cost than that of lithium. The first important reports 
on potassium-based layered compounds (KxTiS2, KxCoO2) have been released
between 1969 and 1975 [31, 32] but research in potassium-ion batteries have not 
attracted significant participation at the time due to the excellent performance of 
lithium-ion batteries. In 2004 Ali Eftekhari has proposed a potassium-ion cell using 
Prussian blue as its cathode [10].  There have been important developments in the last
three years, with an increased interest in non-aqueous potassium-ion batteries 
accompanied by the discoveries of a series of cost effective carbon materials able to 
intercalate potassium [34-36]. Figure 1.1 depicts the annual number of publications in 
this emerging field. These recent discoveries underpin further development of this new 
technology towards practical realization [33].
1.4 Advantages of potassium-ion batteries 
1.4.1 A working principle similar to that of lithium-ion and 
sodium-ion batteries
Potassium-ion batteries share a similar working principle to that of lithium-ion and 
sodium-ion batteries. A potassium-ion cell is also composed of a positive electrode, a 
negative electrode, and a membrane separator between the two electrodes. Both elect-
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Figure 1.2 Schematic illustration of a potassium-ion cell. 
rodes are immersed in a non-aqueous electrolyte that infiltrates into the electrodes and 
a separator between them. A schematic diagram of the cycling process in a 
rechargeable potassium-ion battery is presented in Figure 1.2. The mechanism can be 
understood by looking at the flow of K+ ions between the anode and cathode. During
the charge process, K+ ions are de-intercalated from the cathode, move through the 
electrolyte and insert into the anode. Simultaneously, an equal number of electrons 
flow through the external circuit. During the discharge process, K+ ions de-intercalate 
from the anode and intercalate into the cathode. Meanwhile, the same number of 
electrons flow through the external circuit to perform useful work. Hence, K+ ions 
shuttle back and forth between the cathode and the anode in a reversible process during 
the charge-discharge cycles. Such a concept is commonly known as the “rocking 
chair” mechanism [37]. 
The similarities in the principle and energy storage mechanisms between 
lithium-ion and potassium-ion batteries can prospectively enable a rapid development 
of potassium-ion batteries because of the accumulated understanding and ample 
experience in lithium-ion and sodium-ion batteries. 
1.4.2 Physical characteristics
The comparison of lithium, sodium, and potassium as ionic carriers in rechargeable 
batteries is shown in Table 1.1 [38]. The atomic weight ratios of sodium and potassium 
against lithium are 3.3 (= 23/6.9) and 5.7 (=39/6.9), respectively. It was initially 
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Table 1.1 Comparison of physical properties for Li, Na, and K as charge carriers for 
rechargeable batteries:
believed that potassium-ion batteries are impractical. In reality, the formula weights of 
cathode materials should be compared, and their gravimetric capacity should be 
considered. This provides a better comparison than the analysis of alkali metal weights, 
as in a conventional rocking chair mechanism potassium metal is not used. Taking that 
into consideration, common cathode materials for potassium-ion batteries and lithium-
ion batteries can be compared. The mass ratio of P2-type K2/3CoO2 to LiCoO2 is 1.19, 
implying a 19% increase in mass from the cathode material despite 5.7 times heavier 
potassium ions [8]. Therefore, the use of K+ as an ion in the “rocking chair” mechanism 
may not significantly affect the total mass of the battery.
1.4.3 Cell voltage
Cell voltage is the key benefit of potassium-ion batteries. The standard potentials for 
Li/Li+, Na/Na+, and K/K+ are -3.040, -2.714, and -2.936 V vs standard hydrogen 
electrode (SHE), respectively [39]. Indeed, Li shows an exceptional redox potential 
shifted towards more negative values, which may originate from a high desolvation 
energy of lithium ions in aqueous electrolytes. The situation is somewhat different in 
non-aqueous electrolytes. For example, the standard redox potentials in propylene 
carbonate (PC), a well-known battery solvent, are -2.79, -2.56, and -2.88 for Li/Li+,
Na/Na+, and K/K+, respectively [40]. This measurement demonstrates that K/K+ redox 
couple in a PC solution exhibits the most negative standard potential among all alkali 
metals redox couples. This low potential means that potassium-based batteries may be 
potentially capable of being a higher voltage system. Hence, this high voltage is 
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significant to achieve a higher energy density of the battery as energy density is 
calculated by multiplying capacity by the average discharge voltage.
1.4.4 Availability and cost effectiveness
As a result of emerging applications of lithium-ion batteries, limitations of available 
global lithium resources and uneven lithium supply have arisen as concerns for both 
long-term sustainability and cost effectiveness of lithium-ion batteries. As shown in 
Figure 1.3, the relative abundance of lithium in the Earth’s crust is only 20 ppm [41]. 
Additionally, lithium resources are mostly situated in remote or politically sensitive 
areas, and 70% of all lithium resources are located in South America. This means that 
in the near future most of the world will depend on these specific countries to export 
lithium for global consumption. This has potential to create ‘lithium crises,' leading to 
lithium commodity price volatility. Concern about the long term sustainability of 
lithium-ion batteries is justified [5]. On the other hand, potassium is nearly three orders 
of magnitude more abundant than lithium. The cost of potassium raw materials (<1000 
USD t-1 for K2CO3) is lower than that of lithium raw materials (6500 USD t-1 for 
Li2CO3) and potassium reserves are homogeneously distributed around the world [42]. 
Additionally, potassium-ion batteries also offer significant cost effectiveness 
originating from the use of cheap and relatively available electrolyte solution and salts. 
KPF6 is relatively cheaper to manufacture than its lithium or sodium analogues [38]. 
Considering these merits, potassium-ion batteries could be a potential cost effective 
energy storage system to meet rapidly growing energy demands.  
Figure 1.3 Elements abundance on earth crust. Reprinted with permission from [41]. 
Copyright 2014 American Chemical Society.
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1.5 Cathode materials for potassium-ion batteries 
Cathodes play a vital role in electrochemical cells. In non-aqueous potassium-ion 
batteries, K+ can reversibly intercalate/de-intercalate in cathode materials. The major 
challenge of potassium-ion batteries may originate from the cathode side because of 
the bulky size of K+ ions that cause large strains upon their intercalation into the 
cathode hosts. 
1.5.1 Prussian blue (PB) analogues
Prussian blue (PB) and its analogues are familiar electroactive materials because of 
their outstanding electrochemical behavior [43, 44]. PB is an inorganic material with 
chemical composition FeIII[FeII(CN)6]3.nH2O [38] and it is a well-known zeolitic 
compound which is nontoxic, inexpensive and easy to synthesize. PB analogues 
represent a large family of metal hexacyanoferrates with the nominal chemical formula 
of AxM[Fe(CN)6]y.zH2O, where M is a transition metal ion Li+, Na+, K+, etc., and x 
varies between 0 and 2 depending on the chemical valence of M and Fe in M[Fe (CN)6]
[33]. In general, PB compounds adopt a face-centred cubic lattice with a three 
dimensional rigid framework. In this framework, the ‘holes’ are large enough to host 
large alkali ions, and the oxidation state of iron in the framework defines whether 
counter ions are allowed in the holes of the framework. The primary work done by Ali 
Eftekhari showed the possibility of using a PB film as a cathode with 78.62 mAh g-1
as its first reversible capavity (which is 90% of the theoretical capacity of 87.36 mAh 
g-1) and only 12 % capacity fade after 500 cycles [10].
Oxidation of PB results in the formation of prussian green (PG). Pagidi et al. 
[45] have synthesized PG by a wet chemical precipitation. The electrochemical 
behavior of PG has been evaluated and compared with PB in an aqueous electrolyte of 
KNO3. PG displays a dual step insertion and extraction in the potassium-ion cell. In 
the first step, potassium-ion insertion leads to the formation of PB and in the second 
step insertion leads to the formation of prussian white (PW):
FeIIIFeII(CN)6 (PG) + K+ + e- ĺ.)HIIIFeII(CN)6 (PB)………(1.1)
KFeIIIFeII(CN)6 (PB) + K+ + e- ĺ.2FeIIIFeII(CN)6 (PW)……..(1.2)
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They have demonstrated that the small particles size of PG (50-70 nm) compared to 
PB (2-10 μm) results in a much smaller diffusion length, leading to capacity
enhancement. PG cathode can deliver a reversible capacity of 121.4 mAh g-1 with a 
Columbic efficiency of 98.7% compare to PB which demonstrates 58.3 mAh g-1 with 
a Columbic efficiency of 100 % after 20 cycles [45]. 
Recently, prussian white (PW) analogous has also been evaluated as possible 
cathodes for non-aqueous potassium-ion batteries. It exhibits a better chemical 
stoichiometry and higher thermal stability. Goodenough et al. [46] have reported a low 
cost and high energy potassium-ion cathode material based on PW analogues of 
K2Mn[Fe(CN)6] which is capable of delivering a capacity of 142 mAh g-1 with a high 
reaction potential of 3.6 V. Another investigation on PW analogous have carried out 
by Wu et al. [47]. They have tested several PW analogues [KxMFe(CN)6.nH2O
(M=Fe, Co, Ni or Cu)] as a cathode in non-aqueous potassium-ion batteries. Each of 
these material has displayed different K-ion storage properties with reversible capacity 
values ranging from 35 to 110 mAh g-1 at a high potential above 3.2 V vs. K/K+.
Among them, FeFe-prussian white exhibits the highest reversible capacity of 110 mAh 
g-1 and a stable cycling performance compared to other analogues. 
PW analogous have demonstrated favourable properties in terms of capacities,
operational potentials, reversibility and facile preparation methods, which suggests
this material as a potential cathode choice for large-scale potassium-ion batteries.
However, it will not be a highly competitive cathode for portable electronics and 
electric vehicles due to a low density of PB analogues of ~2.0 g cm-3 [33].
 
1.5.2 Layered metal oxides
LiCoO2 and NaxCoO2 are well-known cathode materials with layered structures in 
lithium-ion and sodium-ion batteries.  Today layered metal oxides are still widely used 
in portable electronics and electric vehicles due to their compact crystal structures. 
Considering this, potassium layered oxides may be suitable cathode materials in 
potassium-ion batteries. KxCoO2 can be considered as a model compound to 
investigate the potassium intercalation behaviour into layered metal oxides. Recently, 
Hironaka et al. have demonstrated the electrochemical and structural evolution of K-
Co layered oxides, namely P2 and P3-type KxCoO2 (x<1). These materials have 
demonstrated reversible and toptactic potassium intercalation in a non-aqueous 
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potassium cell with a reversible capacity of 60 mAh g-1 in the voltage range of 2.0-3.9
V vs. K/K+ [48]. However, the comparative studies with O2-LiCoO2, P2-Na0.67CoO2
and P2-K0.41CoO2 materials show that the interslab distance affects the ionicities and 
voltage drop during charge-discharge.
Therefore, it is important to develop some practical layered oxide cathodes for 
potassium-ion batteries.  Valma et al. [49] have reported a layered birnessite K0.3MnO2
cathode for non-aqueous potassium-ion batteries with 1.5M potassium bis 
(flurosulfonyl) imide in EC:DEC (1:1 vol.) as an electrolyte. The cathode material can 
deliver a capacity of 136 mAh g-1 with an average potential of 2.8 V within the voltage 
window of 1.5 to 4.0 V vs. K/K+. However, the reversibility of this cathode is relatively 
poor at this high cut-off potential because of an irreversible phase transition at high 
potentials and an eventual capacity fade to about 50 mAh g-1 after 100 cycles [49]. A 
cathode material incorporating nanowires of K0.7Fe0.5Mn0.5O2 has also been 
investigated as a stable framework host which provides channels for fast K+ ion 
diffusion and a three dimensional electron transport network during 
depotassiation/potassiation process. This cathode delivers a high initial discharge 
capacity of 178 mAh g-1 at 20 mA g-1 with a reversible capacity of 125 mAh g-1 after 
45 cycles [50]. 
Although the layered potassium metal oxides theoretically demonstrate high 
capacities, these materials suffer from certain limitations. These include a relatively 
poor capacity retention due to the structural damage upon cycling, multiple plateaus,
and fast capacity fading. Most importantly, it is hard to extract relatively large K+ ions 
and re-intercalate them back without considerable structural change.
1.5.3 Polyanionic compounds
Polyanionic compounds have been recently used as cathode materials in potassium-
ion batteries. These polyanionic compounds have a general formula AMx[(XO4)]y
(M= Fe, V, Ti, Mn, etc.; X=P, S, etc.) and exhibit some unique characteristics such as 
diverse structural chemistry, high structural stability, and excellent thermal safety.
As we know, LiFePO4 represents one of the successfully commercialized 
cathode materials for lithium-ion batteries. Mathew et al. have reported that 
amorphous FePO4 can intercalate/de-intercalate K+ ions in a reversible manner and 
can deliver the initial discharge capacity of  156 mAh g-1 in a voltage range of 1.5-
3.5V vs. K/K+ [51]. Lander et al. have proposed another iron-based cathode materials, 
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Fe2(SO4)3. They have tried to extract K+ ions from this cathode using electrochemical 
and chemical oxidation techniques, but only very limited success has been achieved.
This is because of the sluggish potassium diffusion in the lattice [52].
Phosphate-based polyanionic cathode materials have been also investigated in 
potassium-ion batteries. Han et al. have reported potassium titanium phosphate 
(KTi2(PO4)3) as a possible cathode materials for potassium-ion batteries. This 
nanocubic KTi2(PO4)3 has been prepared by a hydrothermal process followed by 
carbon coating with a cane-sugar-assisted method to produce a KTi2(PO4)3/C 
composite [53]. However, it has demonstrated an unsatisfactory electrochemical 
performance with a retained capacity of 74.5 mAh g-1 for KTi2(PO4)3 and 72.6 mAh 
g-1KTi2(PO4)3/C in the first cycle due to a low electrical conductivity.  
Vanadium-based materials have also attracted attention as cathode materials 
for potassium-ion batteries. A composite of a polyanionic compound with carbon
K3V2(PO4)3/C has been successfully fabricated and evaluated in potassium-ion 
batteries [54]. The K3V2(PO4)3/C nanocomposite with a porous structure exhibits a 
high-potential platform at 3.6-3.9V vs. K/K+ with a modest capacity of ~54 mAh g-1.
This porous structure is convenient for K+ diffusion and shortens the diffusion lengths. 
Another vanadium based materials, KVPO4F, has been reported as a potential cathode 
for potassium-ion batteries. K+- ions can reversibly intercalate in this structure, and the 
diffusion coefficient is impressive. However, the comprehensive assessment of the 
electrochemical performance has not been provided [55]. 
1.5.4 Organic cathode materials
Organic electrode materials provide a new avenue for the development of batteries 
with high energy density by extending the traditional intercalation limit in lithium-ion 
batteries [56, 57]. Organic molecular solids might also be promising for potassium-ion 
batteries as they are capable of accommodating large ions due to their better flexibility. 
Recently, 3,4,9,10-perylene-tetracarboxylic acid-dianhydride (PTCDA) has been 
introduced as a cathode material for potassium-ion batteries with a specific capacity 
of about 130 mAh g-1 and a capacity retention of 66.1% over 200 cycles [58, 59]. 
Another organic molecular solid, poly anthraquinonyl sulphide (PAQS) has been 
previously successfully tested for the application in Li, Na and Mg-ion batteries with 
a good capacity and cyclability [60-62]. PAQS has been also investigated as a 
promising material for potassium-ion batteries and have demonstrated a high 
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reversible capacity of 200 mAh g-1 [63]. Although the cell voltage with this cathode is 
not as high enough as in lithium-ion batteries, the electrochemical performance is 
comparable. Overall, low cost, environmentally friendliness and a broad range of 
organic materials make these materials promising as cathode materials for potassium-
ion batteries. 
1.6 Anode materials for potassium-ion batteries 
Anodes are a critical component of potassium-ion batteries. The identification of 
suitable anode materials is the key factor for the development of potassium-ion 
batteries. The research community is now focusing on identifying low cost and high 
capacity anode materials for potassium-ion batteries. Herein, I would like to discuss 
currently known anodes for potassium-ion batteries. 
1.6.1 Carbonaceous materials
Carbon is the 15th most abundant element in Earth’s crust, and it is a favourite choice 
of anode materials for lithium-ion batteries. It has special characteristics such as a low 
redox potential and a high specific capacity. Carbonaceous materials can be classified 
into three groups: graphite, graphitizable carbon (soft carbon) and non-graphitizable 
carbon (hard carbon) (Figure 1.4). Graphite is probably the most common type of a 
carbon material available.
Figure 1.4 Schematic representation of various types of carbonaceous materials. 
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1.6.1.1 Graphite
Graphite is used in the commercial anodes of lithium-ion batteries since the 1990s. It 
is a class of carbonaceous materials that consists of hexagonal sheets of sp2 carbon 
atoms (graphene sheets) which are weakly bonded together by van der Waals forces. 
Metal ions or certain types of molecules can intercalate between graphitic sheets, 
resulting in the formation of graphite intercalation compounds (GICs). The GICs have 
a fundamental characteristic known as the staging phenomenon. That means that a 
range of layered compounds may form sequentially originating from the matrix of 
graphitic sheets [64]. In lithium-ion batteries, lithium graphite intercalation compound 
of LiC6 is formed in the last stage of intercalation, and this process delivers a 
maximum reversible capacity of 372 mAh g-1 [65]. In the case of sodium-ion batteries, 
graphite can form only NaC64 with a small amount of sodium in the structure, and such 
a process delivers only ~35 mAh g-1 of reversible capacity [66]. On the other hand, 
potassium-graphite intercalation compounds have been well known since 1932, and 
have been originally prepared by thermal annealing from the mixture of graphite and 
potassium metal in an inert environment [67]. Very recently, the electrochemical 
intercalation of potassium into graphite at room temperature has been successfully 
attempted by Jean et al. [68], and a reversible capacity of 273 mAh g-1 has been 
achieved. The reversible capacity of potassium-graphite half-cell is quite high, which 
makes graphitic materials a potential choice of anode materials for potassium-ion 
batteries. It has been also demonstrated in the same study that intercalation compounds 
of KC36, KC24 and KC8 form sequentially during potassiation. During depotassiation, 
the phase transformation happens in an opposite sequence (Figure 1.5). However, the 
cycling performance of this graphitic anode, is not very impressive. The capacity 
retention has been only 50% after 50 cycles due to a significant volume expansion. 
Xing et al. [34] have improved the cycling performance of the graphite anode 
by introducing enclosed nanopores. This polycrystalline graphite showed very stable 
cycle life with 50% of capacity retention over 240 cycles due to the better 
accommodation of the strain during potassiation. Highly reversible electrochemical 
intercalation of potassium into graphite has also been reported by Komaba et al. [8] 
and Luo et al. [35]. Komaba’s group achieved a reversible capacity of 244 mAh g-1 by 
forming stage 1 KC8 compound. They have also investigated the effect of different 
binders and have demonstrated that polycarboxylate binder can promote a better
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Figure 1.5 Potassium intercalation into graphite: (a) First-cycle galvanostatic 
potassiation-depotassiation potential profiles at C/10; (b) XRD patterns of the
electrode corresponding to marked selected states of charge in  Figure a; and  (c) 
structure diagram of different K-GICs, side view (up) and top view (down). Reprinted 
with permission from [68]. Copyright 2015 American Chemical Society.
performance compared to conventional poly (vinylidene fluoride) binder [8]. Luo et 
al. [35] have also reported reduced graphene oxide as an anode material with a high 
reversible capacity of ~222 mAh g-1 in the potassium-ion system [35]. 
1.6.1.2 Graphitizable carbon (soft carbon)
Graphitizable carbon is also called soft carbon and has a structure composed of 
misoriented crystallites formed after heat-treatment at a high temperature of 2000-
3000o C [69]. Jian et al. [68] have reported superior rate capability and cyclability of 
non-graphitic soft carbon in the potassium-ion system. This soft carbon has been 
synthesised by pyrolysis of 3, 4, 9, 10-perylene-tetracarboxylicacid-dianhydride 
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(PTCDA) aromatic compound. The electrochemical potassium storage performance of 
this soft carbon has been commendable, and a high reversible capacity of 270 mAh g-
1 and a good rate capability (specific capacities of 210, 185 and 140 mAh g-1 at 1C, 
2C, and 5C, respectively) have been demonstrated. However, capacity fading has been 
observed in this soft carbon as well, which may be due to the electrolyte decomposition 
during the repeated potassium metal pleating and stripping processes. 
1.6.1.3 Non-graphitizable carbon (hard carbon)
Non-graphitizable carbons are derived from a low temperature treatment of organic 
compounds. Usually, these carbons have a highly disordered structure with a large 
amount of micro or nano porosity and heteroatoms [70]. Vaalma has demonstrated 
hard carbon/carbon black composite as an anode which can deliver a capacity of 200 
mAh g-1 at C/10 within the potential window 0.2-2.0V vs. K/K+ [49]. They have also 
attempted to construct a full potassium-ion cell by coupling hard carbon anode with a 
K0.3 MnO2 cathode. Even though this full cell delivers a capacity of 90 mAh g-1 in the 
first discharge, constant capacity fading has been observed with a retained capacity of 
46 mAh g-1 after 100 cycles [49]. Furthermore, Jian et al. [36] have reported that hard 
carbon microspheres can deliver a reversible capacity of 262 mAh g-1 at C/10. Most of 
the capacity contribution is above 0.1 V, which potentially reduces the risk of 
potassium metal plating during cycling [36]. 
1.6.1.4 Other nanostructured carbonaceous materials
Research on nanostructured carbonaceous anode materials has received significant 
attention in lithium-ion and sodium-ion batteries whereas there are not so many studies 
in the field of potassium-ion batteries at this stage.  Luo et al. [35] have reported the 
use of reduced graphene oxide (rGO) film electrodes in potassium-ion cells with a 
reversible capacity of 222 mAh g-1 at 5 mA g-1. This anode features a plateau in the 
first discharge profile, which disappears in the subsequent cycles. This phenomenon 
also exits in lithium cells. However, the rate performance of rGO film electrodes is not 
as good as that of graphite electrodes, which makes it less attractive for practical 
applications [35]. Later on, Liu et al. [71] have investigated carbon nanofiber 
electrodes in potassium cells with 1M KPF6 in EC: DMC electrolyte; these electrodes 
are capable of delivering a reversible capacity of ~ 680 mAh g-1 in the first cycle at 50 
mA g-1. However, the capacity drops to ~ 80 mAh g-1 after only 20 cycles [71].
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Graphene has been also investigated as a potential anode material for 
potassium-ion batteries. Ju et al. have investigated F-dopped graphene foam in 
potassium-ion batteries [72]. As we know, fluorine possesses the highest 
electronegativity, and the expectation is that adding fluorine atoms into the graphene 
may change hybridization of carbon from sp2 to sp3 locally in the material. This can 
generate a new possibility to engineer graphene’s properties. This material shows the 
first discharge capacity of 863.8 mAh g-1 at a current rate of 50 mA g-1 which decreases 
to 301.9 mAh g-1 after 20 cycles. This initial study shows a good performance as an 
anode, but further studies are needed to investigate the mechanism. There is also need 
to tune the functional groups on the graphene surface to deliver the required 
performance parameters.
Pramudita et al. have also investigated different types of carbon-based anodes 
in potassium-ion batteries such as graphite oxide, activated carbon, single wall carbon 
nanotubes (SWCNTs) and multi wall carbon nanotubes (MWCNTs) [38]. Among 
them, graphite oxide and activated carbon show only a very minimal capacity. After 
50 cycles SWCNTs and MWCNTs demonstrate similar capacity levels, but the 
development of capacity decay between the two samples is quite different. 
From the above discussion, it is quite clear that carbonaceous materials feature 
a successful reversible reaction with potassium but the retention of the reversible 
capacity is quite low. Therefore, it is essential to find other alternative anode materials 
with high reversible capacities, and long cycle lives for potassium-ion batteries. 
1.6.2 Alloying materials
According to the literature, alloy anodes have been considered as one of the most 
promising electrode materials for the next-generation lithium-ion and sodium-ion 
batteries due to their high energy densities, relatively low cost, environmental 
compatibility and safe operational potentials. The theoretical capacity of alloy anodes 
is 2-10 times higher than that of graphite or hard carbon in the case of lithium-ion and 
sodium-ion batteries. The reaction usually proceeds reversibly according to the general 
scheme as shown in the following equation:
A + xM+ + xe-ļ0xA………….….. (1.3)  
(Here, M = Li, Na, or K and A = an element that can alloy with Li, Na, or K) 
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Many elements are reactive towards lithium, including Si, Sn, Sb, Al, Mg, Bi, 
In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge [13, 73, 74]. Nevertheless, considering the 
required characteristics such as cost, abundancy and environmental friendliness, only 
the first five elements have been widely used. Additionally, in the case of sodium-ion 
batteries, many elements of Group IVA and VA in the periodic table, for examples, 
Ge, Sn, Sb, and P, etc. can alloy with Na as well [12, 75]. During the charge-discharge 
cycles, a sequence of stoichiometric intermetallic compounds of Ma-Ab (where a and 
b are the stoichiometric coefficients) is formed which; the reversible reaction 
commonly involves several steps that may be accompanied by plateaus or slopes in 
the charge-discharge profile. Due to the reversible nature of the reactions involved, the 
plateaus and slopes can be observed during both charge and discharge parts of the 
cycles. 
However, in the case of lithium-ion and sodium-ion batteries, alloy anodes 
show high theoretical capacities because a single atom of an alloying material can 
combine with multiple lithium and sodium ions. Unfortunately, the main problem 
associated with such reactions is a huge volume change in the electrode materials 
during the repeated charge-discharge steps [12, 13]. As a result, mechanical stress, 
delamination, and cracks occur in the electrodes during cycling, which leads to the 
presence of electrochemically inactive particles and a poor cycling stability.  
Nevertheless, till now the use of alloy-based anodes in lithium-ion and sodium-ion 
batteries is an interesting field of research as these alloy anodes provide promising 
results. On the other hand, there are very few reports published on alloy-based anodes 
for potassium-ion batteries. This type of electrode materials is in its early stage of 
development. 
Many research groups have demonstrated that antimony electrode is a smart 
choice because of its high theoretical capacity in lithium-ion and sodium-ion batteries. 
McCulloch et al. [76] have reported that antimony can be a possible candidate for 
potassium-oxygen and potassium-ion batteries. It has been demonstrated that 
antimony electrodes can deliver a reversible capacity of 650 mAh g-1 (calculated per 
the antimony component in the electrode), which is almost 98 % of its theoretical 
capacity, by forming the cubic phase of K3Sb alloy. Similarly, a reversible capacity of 
660 mAh g-1 can be achieved by forming M3Sb phase (M=Li, Na) in both lithium-ion 
and sodium-ion batteries [77, 78]. Comparative testing of pure antimony and an 
antimony-carbon composite have been conducted in potassium half-cells. 
Chapter 1
20
 
Figure 1.6 (a) Discharge/charge curves for the first 20 cycles and (b) Coulombic 
efficiency and capacity for the first 55 cycles under conditions where capacity is 
limited to 250 mAh/g.  Adapted with permission from [76]. Copyright 2015 American 
Chemical Society.
The pure antimony electrode exhibits a huge capacity fading due to the uncontrolled 
volume expansion. On the contrary, the antimony-carbon composite delivers a stable 
capacity of 250 mAh g-1 for up to 50 cycles. However, capacity degradation has been 
observed after 50 cycles (Figure 1.6) [76]. Hence, a lot of experiments are needed to 
investigate the particular reason of the failure of long-term cycling for this material. 
Appropriate steps are required to improve the cycling performance of antimony-based 
electrodes.  
Phosphorus is an element of the fifth group in the periodic table, and it has been 
studied as a potential anode for lithium-ion and sodium-ion batteries due to its natural 
abundance and environmental friendliness [9]. Phosphorus electrochemically reacts 
with both lithium and sodium to form Li3P and Na3P, providing a high theoretical 
capacity of 2595 mAh g-1, which is the highest among known anode materials for 
sodium-ion batteries [79]. Recently, Zhang et al. [80] have demonstrated that 
phosphorous-based composites with carbon are electrochemically reactive with 
potassium and capable of delivering a reversible process. Red phosphorus/carbon 
(P/C) and tin/red phosphorus/carbon composite (Sn4P3/C) anodes for potassium-ion 
batteries have been produced and evaluated. The Sn4P3/C composite anode delivers a 
reversible capacity of 384.4 mAh g-1 at 50 mA g-1 whereas the P/C composite exhibits 
an unsatisfactory performance (Figure 1.7). It has been concluded [80] that a red 
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phosphorus/carbon composite is not practical for the use in a potassium-ion cell as an 
anode material. It has been suggested that K3P alloy (with a similar stoichiometry to 
those of final alloys that form in lithium and sodium cells) is the end product of the 
alloying process in a potassium cell.
Figure 1.7 Cyclic voltammograms for the first 5 cycles of (a) Sn4P3/C in potassium-
ion batteries (PIBs) and (b) Sn4P3/C in sodium-ion batteries (SIBs) at a scanning rate 
of 0.05 mV sí1. The initial, second, and third discharge/charge profiles of (c) Sn4P3/C 
in PIBs and (d) Sn4P3/C in SIBs at the current density of 50 mA g-1; (e) Cycling 
performance of the Sn4P3/C, Sn/C, and P/C electrodes in PIBs at the current density 
of 50 mA gí1; and (f) Rate performance of the Sn4P3/C electrode in PIBs at various 
current densities from 50 to 1000 mA gí1. Adapted with permission from [80]. 
Copyright 2017 American Chemical Society.
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Interestingly, the strongest XRD peak of the K3P is not detected in the XRD 
pattern of the electrode discharged to a low potential vs. K/K+, which could be 
attributed to the presence of a partially crystalline or amorphous K3-xP phase. The 
termination of the alloying process at different final phases, KP alloy may provide an 
alternative explanation to the capacities reported by Zhang et al. [80]. However, further 
studies on phosphorous and phosphorous-based composites in potassium cells are 
required to verify the reaction mechanism independently. 
In brief, the preliminary studies on the alloy-based anodes have demonstrated 
that these anodes may have a reasonable electrochemical performance in potassium-
ion batteries. However, there is plenty of room for further investigation of this type of 
anodes in potassium cells. Considering their high theoretical specific capacity, these 
anode materials may be very interesting electrode candidates. In this Ph.D. study, 
various alloy-based anodes are prepared, and their potassium storage mechanism and 
storage performance are analysed.  
1.6.3 Other anode materials
Many other anode materials have also been reported as possible electrodes for 
potassium-ion batteries. As we know, titanium-based anode materials have enjoyed 
significant attention due to their compendious phase transformation and relatively high 
voltage platforms in lithium-ion and sodium-ion batteries [81, 82]. Recently, titanium-
based anodes of K2Ti4O9 and K2Ti8O17 have been reported as potential anodes for 
potassium-ion batteries [83, 84].  K2Ti4O9 can deliver a discharge capacity of 80 mAh 
g-1 and 97 mAh g-1 at a current density of 100 mA g-1 and 30 mA g-1, respectively. The 
discharge capacity is stable at low rates of cycling [83]. Simultaneously, K2Ti8O17 
delivers a discharge capacity of 110 mAh g-1 at 20 mA g-1 after 50 cycles [84].  
However, in both cases, the reversible capacity is somewhat low which may be due to 
the lack of open channels in these structures, which makes it difficult bulky K+ ions to 
insert. Xiaodi et al. [85] have reported that layered transition metal dichalcogenides 
(e.g., MoS2) with an open 2D diffusion pathway and a wider interlayer spacing could 
possibly be favorable for K+ intercalation. They have demonstrated that K+
electrochemically intercalates and de-intercalates reversibly in 2D-layered MoS2 with 
the possibility of very stable cycling up to 200 cycles.
In addition to these, organic electrodes are considered as promising materials 
for lithium-ion and sodium-ion batteries because of their structure, cost effectiveness, 
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high gravimetric energy density as well as cycling stability. Components of solid 
organic materials often interact via van dar Waals forces and, as a result, they can 
potentially provide more void room and lower energy barriers for accommodating 
metal ions regardless of their sizes [86]. An organic electrode of oxocarbon salt has 
been used as an anode for potassium-ion batteries by Jun et al. [87]. These authors 
have also demonstrated a full cell potassium-ion battery with a rocking chair 
mechanism by coupling K2C6O6 as a cathode and K4C6O6 as an anode and utilizing 
different redox couples provided by this material. The cell has been reported to have a 
potential of 1.1 V with an available energy density of 35 Wh kg-1 [87]. 
Deng et al. [88] have also reported a potassium salt of para-aromatic 
dicarboxylate as a potential anode for potassium-ion batteries. Two organic molecules, 
namely potassium terephthalate (K2TP) and potassium 2, 5-pyridinedicarboxylate 
(K2PC) have been tested in potassium cells. Both K2TP and K2PC show reversible 
and stable potassiation/depotassiation potentials of ~ 0.5/0.7 V and ~ 0.6/0.8 V vs.
K/K+ with a reversible capacity of 181 mAh g-1 for K2TP and 190 mAh g-1 K2PC at 
0.2C after 100 cycles, respectively. Even though the specific capacity is not as high as 
that for inorganic materials, but the development of organic anodes could lead to a 
forward step in the early development of potassium-ion batteries. Electrochemical 
performances (in terms of reversible capacity, rate capability and, most importantly, 
cycling stability) of the reported electrode materials for K-ion batteries are 
summarized in Table 1.2.
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Table 1.2 Electrochemical performances of the reported anode materials for K-ion 
batteries
Materials Current
mA g-1
Capacity
(mAh g-1)
Cycle 
number
Rate capacity 
obtained at the 
highest current
Graphite [8] - - - < 200 mAh g-1 at 
4.185 A g-1
(potassiation current 
is fixed)
Polynanocrystalline 
graphite [34]
100 < 100 300 ~13 mAh g-1 at 1 A 
g-1
Reduced graphene 
oxide (RGO) [35]
10 150 175 90 mAh g-1 at 50 
mA g-1
Hard carbon 
microspheres  [36]
~216 100 136 mAh g-1 at 1.3 
A g-1
Soft carbon [68] 558 ~150 50 140 mAh g-1 at 1.3 
A g-1
Bilayer carbon 
nanofibers (CNFs) [71] 
50 80 20 -
F-dopped graphene [72] 302 50 20 -
Antimony/carbon 
(Sb/C) [76]
35 250 50 -
Red phosphorus/carbon
[80]
50 <10 50 -
Sn/carbon [80] 50 <10 50 -
Sn4P3/C Composite 
[80]
50 307 50 221.9 mAh g-1 at 1 
A g-1
K2Ti4O9 [83] 30 97 - -
K2Ti8O17 [84] 20 110 50 -
2D-layered MoS2 [85] 20 62 200 -
Potassium terephthalate 
(K2TP) [88]
44 181 100 -
Potassium 2, 5-
pyridinedicarboxylate
(K2PC) [88]
44 190 100 -
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1.7 Electrolytes
Electrolytes play an essential role in any rechargeable battery. In general, an electrolyte 
works as a medium for ionic conductance responsible for the transport of ions between 
a pair of electrodes, concurrently withstanding the strong reducing and oxidizing 
forces of negative and positive electrodes, respectively. From this point of view, an 
ion transportation property and reduction and oxidation stability are the major 
requirements in a battery electrolyte design. Electrolytes are mainly composed of a salt 
and solvents. In any battery system, a good electrolyte should have certain 
characteristics such as a good ionic conductivity, a large electrochemical stability 
window, no reactivity towards the cell components, and a strong thermal stability [14]. 
As potassium-ion batteries are only in an early stage of their development, there is not 
much systematic research on the electrolytes and their effect on the performance of 
potassium-ion batteries. 
Masaki et al. have examined the ion-solvent interaction of K+ ions in 
comparison with those of Li+, Na+, Mg2+ ions [89]. Potassium ions exhibit the lowest
interaction effect and desolvation energy compared to lithium, sodium and magnesium 
ions in aprotic solvents, because of the largest size and the weakest Lewis acidity of 
K+ ions. Nonetheless, the weak interaction between potassium ions and solvents is also 
responsible for the insufficient solubility of potassium salts and a low practical ionic 
conductivity. For example, the experimental molarity of KClO4 in propylene 
carbonate is merely ~0.1 mol L-1 which is lower than that LiClO4 and NaClO4. As a 
result, anions play an important role in order to maximize the solubility and ionic 
conductivity of potassium-containing electrolytes. The most common potassium salts 
in potassium-ion battery electrolytes are potassium hexaflorophosphate (KPF6) and 
potassium bis(fluorosulfonyl)imide (KFSI), which possess sufficient solubility in 
common solvents such as ethylene carbonate (EC), diethylene carbonate (DEC), 
propylene carbonate (PC) and dimethyl carbonate (DMC). Erang et al. have reported 
that FSI anion is highly corrRVLYHIRUDOXPLQLXPIRLOXSRQDQRGLFSRODUL]DWLRQޓ
vs Li/Li+) which may restrict the potential use of KFSI in high voltage potassium-ion 
batteries [90]. However, Zelang et al. have stated that a poly (anthraquinonyl sulphide) 
(PAQS) cathode exhibits a better cycling stability and a lower polarization in 0.5 M
potassium bis(trifluoromethane sulfonyl) imide (KTFSI) in dimethoxyethane and 
dioxolane solvent mixture (DME:DOL = 1:1 by volume) electrolyte than in a 
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KPF6/EC-DMC electrolyte [63]. Lei et al. have discovered that a DME-based 
electrolyte delivers an excellent performance in potassium-ion batteries containing a 
dipotassium terephthalate (K2TP) electrode due to the fast kinetics of K+ and a robust 
solid electrolyte interface (SEI) films at the interface of K2TP and a DME-based 
electrolyte [91].
To create a functional electrolyte, another important component is an additive. 
An additive is a remedy used to address short comings of the original electrolyte recipe 
by adding a new chemical in a small quantity - usually less that 5wt. %. A common 
advantage achieved by adding an additive to the recipe of an electrolyte is the creation 
of a SEI layer with improved characteristics with respect to performance and safety. 
According to He et al., a K2Fe[Fe(CN)6] cathode displays a high columbic efficiency 
of nearly 98% and a long term cyclability when 5% fluroethylene carbonate (FEC) 
additive is introduced in an EC/DEC electrolyte [92]. However, it is important for the 
future development of potassium-ion batteries to identify a broader range of electrolyte 
additives that are appropriate for both anodes and cathodes. The understanding of it’s 
the mechanisms of the influence of additives on electrolytes will be important in 
identifying prospective additives.
1.8 Binders
In metal-ion batteries, each electrode consists of an active material, a conductive agent, 
the current collector and a binder. The active materials determine the capacity of the 
electrode. The conductive agent can enhance the rate capability of the electrode by 
facilitating electron transport. The binder is used to glue the active material and the 
conductive agent together with the current collector. Without a binder, the active 
material does not have a proper contact with the current collector, which results in 
capacity loss or inability to function as an electrode. Even though the typical amount 
of a binder is only 2-5% of the total mass of a commercial electrode, it plays an 
important role in improving the cycle stability and rate capability of lithium-ion and 
sodium-ion batteries [93, 94]. Therefore, choosing a proper binder for battery 
electrodes is very crucial. 
According to the literature, poly (vinylidene difluoride) (PVDF) is the most 
widely used binder for both lithium-ion and sodium-ion batteries because of its 
electrochemical stability and binding capability. PVDF needs an organic solvent such 
Chapter 1
27
 
as N-methyl pyrrolidone (NMP) to form a castable and viscous slurry, but NMP is a 
costly solvent. In addition, the binding ability of PVDF is not adequate for some 
materials, especially those that experience a significant volume change during cycling. 
As alternatives to PVDF, other cost-effective binders such as polyasrylic acid (PAA) 
and carboxymethyl cellulose (CMC) have been developed [93, 94]. Unfortunately, 
there are only very limited studies on the effect of various binders on the performance 
of electrodes for potassium-ion batteries.
Komaba et al. [8] have investigated the electrochemical performance of 
graphitic electrodes using different types of binders of 10 % poly (vinylidene 
difluoride) (PVDF), sodium polyacrylate (PANa), and sodium carboxymethyl 
cellulose (CMCNa). The reversible capacity and redox potential for the graphite 
electrodes with different binders are similar; however, the reversibility in the first 
cycle, which is attributed to the SEI layer effect, is different [8]. In particular, PANa 
and CMCNa binders are able to provide a better initial efficiency than PVDF can. This 
improvement may be attributed to the effect of a pre-formed SEI when PANa and 
CMCNa binders are used. Additionally, a good cycling stability of PANa-based 
electrode also indicates a good surface coatability and a higher mechanical strength of 
the composite electrode assembled using this binder. More systematic and in-depth 
studies are needed now to realize the true effect of binders on the behaviour of 
electrodes. Particularly, the studies need to be extended beyond graphite to other 
electrode materials. In this Ph.D. thesis, the effect of binders on antimony-based 
electrodes for potassium-ion batteries is investigated. 
1.9 Outline of the thesis
As it follows from the literature review, a small number of studies on electrode 
materials for potassium-ion batteries have been reported in the last few years. Most 
studies on the anode materials are dedicated to carbonaceous materials, including 
graphite, hard and soft carbons. On the other hand, alloying materials (e.g. Si, P, Sn, 
and Sb) and their corresponding composites represent an interesting class of electrode 
materials, already proven as high capacity anode materials for lithium-ion and sodium-
ion batteries. The most striking advantage of the materials that can alloy 
electrochemically with alkali elements is their enviable gravimetric and, in many 
cases, volumetric capacities; this has been fully recognized by the battery community. 
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Until recently, however, little knowledge available on materials that can alloy 
electrochemically with potassium. Therefore, it will be of a great academic interest 
and practical importance to study these materials and their appropriately engineered 
composites for the application in potassium-ion batteries. In line with this 
consideration, this Ph.D thesis focuses on a series of alloy materials and their 
composites. The behavior of these materials in potassium-ion batteries is thoroughly 
investigated. The thesis is divided into seven chapters presenting a body of work within 
wider research questions of alloy based electrode materials for potassium-ion batteries.   
Chapter 1 contains a general background and provides an up to date 
comprehensive literature review on metal-ion batteries with a special focus on 
potassium-ion batteries. This includes properties, working principle, potential 
electrodes (cathodes and anodes), different synthesis processes, electrolytes, binders 
and possible electrochemical potassiation/depotassiation mechanisms. Additionally, 
this chapter discusses and highlights the gaps in knowledge that need to be addressed 
and outlines the objectives of this Ph.D. thesis.   
Chapter 2 summarizes the experimental techniques used to synthesize 
electrode materials, to conduct their structural characterization, electrode preparation,
and cell fabrication, and to perform electrochemical characterization of the electrodes. 
Chapters 3-6 contain experimental results and related discussion. In particular, 
Chapter 3 focuses on novel tin-carbon anode materials and their electrochemical 
performance in potassium-ion batteries. This chapter also deals with the mechanism 
of electrochemical reactivity of tin-carbon composite in potassium-ion batteries. 
Chapter 4 discusses the synthesis and electrochemistry of silicon-graphene anodes for 
potassium-ion batteries. Chapter 5 presents a phosphorus-carbon anode and also 
addresses the influence of different weight ratios of phosphorus to carbon in this type 
of composite electrode materials. The alloying mechanism of phosphorus with 
potassium is also discussed in this chapter. Chapter 6 discusses the effects of 
composition, an electrolyte additive, and binders on the performance of antimony-
carbon composites for potassium-ion batteries. This chapter also explains the 
outcomes of the post-mortem analysis of the electrodes after cycling and its correlation 
with the observed electrochemical properties. 
Chapter 7 summarizes the results of this doctoral work and provides important 
indications for further research work related to the electrode materials for potassium-
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ion batteries. Overall, this Ph.D. thesis provides a comprehensive report on the alloying 
behavior of a number of anode materials for potassium-ion batteries.
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Chapter 2
Experimental techniques
This chapter describes the experimental techniques used for synthesizing materials, 
their characterization and testing of the electrochemical properties for potassium-ion 
batteries.
2.1 Main synthesis technique: ball milling
Mechanical milling is one of the oldest and mature techniques used for the size 
reduction of the solid particles to the nanometre range, for the mixing and combination 
of chemical elements down to the atomic scale, and for the initiation and acceleration 
of the solid state chemical reactions. Ball milling is a simple technique where materials 
are transformed by the influence of moving balls inside a ball mill container which is 
rotated in a certain direction. When the container moves, the balls travel in a certain 
pattern and create an impact on the materials. The impacts of balls on the materials 
depend upon the kinetic energy of the balls [95]. Milling processes can be categorized 
into two types of (i) dry milling and (ii) wet milling. In wet milling, the solvent is used 
whereas no solvent is required for the dry milling process. In this Ph.D. thesis, high 
energy dry milling was used as a method to prepare a range of materials such as tin, 
phosphorus, antimony and their corresponding composites with carbon. Among high 
energy ball mills (planetary, vibrational, attritor and mixer mills [96]), the planetary 
ball mill is mechanically simple and versatile device for the efficient grinding of 
powders. In this milling device, the centrifugal forces are produced by the rotation of 
a vial around its own axis and the simultaneous rotation of the supporting disc. These 
forces influence the vial contents and cause the balls to grind the materials loaded for 
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Figure 2.1 A schematic representation of the milling process in a planetary ball mill.
the mechanical processing. Since the supporting disc and the vial typically rotate in 
the opposite directions, the centrifugal forces commonly cause the grinding balls to 
run along the walls of the vial producing a friction effect. At the same time, materials 
being ground and grinding balls also lift off the walls and travel freely through the 
inside of the vial to collide at the opposite wall and produce an impact effect, as shown 
in Figure 2.1.
A Fritsch Pulverisette 5 planetary ball mill was frequently used in this study. 
In a typical milling routine, a suitable amount of materials and ten stainless steel balls 
(25 mm in diameter) were loaded into each vial and milling was performed under an
argon atmosphere at a rotation speed of 200 rpm. In addition to the planetary ball mill, 
a magneto ball mill was also used to synthesize materials. In this magneto ball mill, a 
milling container rotates vertically around its own axis, and an external magnet is used 
near the vial to improve the kinetic energy of the balls by means of creating a magnetic 
field inside the vial and altering their trajectories, as shown in Figure 2.2. A suitable 
amount of materials and four hardened steel balls (25 mm in diameter) were loaded 
inside a stainless steel milling container. The powders were milled at a rotation speed 
of 160 rpm with an external magnet position at 135o to the vertical direction at the 
bottom of the mill. It is important to note that milling atmosphere is a potential source 
of the contamination of the materials produced. A significant contamination with 
oxygen, or in some cases with nitrogen, can occur if the milling is performed under an 
air atmosphere. Oxygen contamination is, of course, the most severe with reactive 
metals. To avoid reactivity with air, milling was performed under argon atmosphere.
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Figure 2.2 A Schematic representation of milling in a magneto-ball mill.
2.2 Characterization techniques
2.2.1 X-ray diffraction
X-ray diffraction (XRD) has a wide range of applications in materials science as it is 
a non-destructive method used to reveal the crystal structures, crystallite sizes and 
preferred orientation in polycrystalline or powdered solid samples. The diffraction
pattern of any sample is dictated by Bragg’s law. William Lawrence Bragg first 
proposed this law in 1921. According to Bragg’s law, 
QȜ = 2d sLQș………. (2.1)
+HUHQ WKHRUGHURIUHIOHFWLRQG WKHLQWHUSODQDUVSDFLQJȜ WKHZDYHOHQJWKRIWKH
incident X-UD\DQGș  WKHLQFLGHQWDQJOH>97]. Bragg’s law can be derived from a 
geometric relation between the interplanar spacing in a crystal and the diffraction 
angle, as shown in Figure 2.3. 
Other applications of XRD analysis include determination of phase transitions 
in a given substance, quantitative determination of the phases present in a sample, and 
measurements of crystal size and crystal structure of nanomaterials. In this study, the 
synthesized materials were mixed with ethanol to form a slurry. The slurry was spread 
on a flat silicon monocrystal substrate (MTI Corporation, USA), from there no 
GLIIUDFWLRQSHDNFDQEHSURGXFHG$3$1DO\WLFDO;¶SHUW3URLQVWUXPHQWKDYLQJD&X.Į
radiation source with a wavelength of 1.54181 Å with an operating voltage of 40 kV
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Figure 2.3 Bragg’s law can be derived from the geometric relation between the 
interplanar spacing d and the diffraction angle ș
and an operating current of 30 mA was used to acquire XRD patterns. The samples 
were scanned over a range of 10 - 90o with a step time between 2 and 13s and a step 
size of 0.02o. Another 3$1DO\WLFDO;
3HUWLQVWUXPHQWZLWKD&X.ĮUDGLDWLRQVRXUFH
(1.54181 Å) operated at 40 kV, and 30 mA current was also used. In this case, the data 
were recorded over a range of 10 - 900 with a step time between 150 s to 500 s and a 
step size of 0.0130, respectively. For collecting the ex-situ XRD patterns, the electrodes 
in the cycled electrochemical cells were stopped in their discharged and charged states,
respectively. The cycled cells were dissembled inside of the glove box to remove 
electrodes.  The electrodes were then washed with diethyl carbonate (DEC) DEC to 
remove residual salts and electrolytes from the electrode surfaces. 
2.2.2 Scanning electron microscopy
Scanning electron microscopy (SEM) is a powerful technique to examine materials. In 
this Ph.D. thesis, SEM is usually used to observe the electrode’s surface topography 
or the morphology of powder samples and size of the particles. The images are 
produced by monitoring signals that appear due to the interaction of an electron beam 
and the surface of the specimen. In SEM, electrons are formed at the top of the column, 
accelerated down and passed through a combination of lenses and apertures to produce 
a focused beam of electrons which hit the surface of the sample. The sample is attached 
to a stage in the chamber, and the position of the electron beam is controlled by scan 
coils situated above the objective lens. These coils allow the beam to be scanned over 
the surface of the sample. As a result of the electron-sample interaction, 
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Figure 2.4 A schematic illustration of the principle of scanning electron microscopy.
a number of secondary electrons are produced [98]. Figure 2.4 represents a schematic 
diagram of scanning electron microscopy. In a SEM column, three types of secondary 
electrons (SE), known as SEI, SEII, and SEIII electrons, are generated. Maximum 
information about the morphology of the sample is accrued from SEI and SEII signals 
originating from the initial interaction of the beam with the sample and the interaction 
of backscattered electrons (BSEs) with the sample. SEI electrons are more localised 
and suitable for obtaining images with high resolution; however, SEII electrons contain 
elemental information as well. The BSEs that strike the wall of the specimen chamber 
generates SEIII electrons which do not contain any valuable information.  Figure 2.5 
shows the generation of a secondary electron inside a SEM chamber [99]. In this thesis, 
a Hitachi S4500 Zeiss Supra 55VP scanning electron microscope was used to evaluate 
samples; a conductive carbon tape was used to mount the samples onto a metal holder. 
The ex-situ SEM analyses were also carried out on the cycled electrodes stopped in 
both charged and discharged state. An accelerating voltage of 5 kV and a working 
distance of 5mm were typically used during SEM observation. 
Chapter 2
35
 
Figure 2.5 Generation of secondary electrons inside a SEM chamber.
2.2.3 Transmission electron microscopy
The transmission electron microscope is a very powerful tool for materials science. It 
provides crystallographic information, such as the details of the crystal structure and 
orientation of the materials, and can provide images with the resolution down to the 
sub-nanometer level and, in some case, down to the level of atomic resolution. A high 
energy beam of electron is transmitted through an ultra-thin specimen, interacting with 
the specimen as it passes through. Various information is provided by means of bright-
field and dark-field images, selected area diffraction pattern and other appropriate 
techniques. In TEM, selected area electron diffraction (SAED) is a crystallographic 
experimental technique which is often used to identify crystal structure and crystal 
defects. It can also provide information about the phase and orientation of the crystals. 
For examples, if the diffraction pattern is seen as spotty, each spot corresponds to a 
particular plane. For a polycrystalline sample, circular rings with bright spots 
constitute a diffraction pattern, and for an amorphous sample, broadened rings can be 
observed [100]. Furthermore, a bright field and dark field images can be obtained 
through TEM imaging mode. Bright field imaging is the most common technique used 
in TEM. For crystalline and polycrystalline samples, high resolution transmission 
electron microscopy (HRTEM) mode is used to observe the lattice planes and the 
atomic columns. Electron energy loss spectroscopy (EELS) spectrum was also used in 
this study for elemental analysis. In the case of EELS spectra, data are recorded by 
collecting electrons that loss energy during interaction with the specimen; the 
characteristic energy loss peaks can be used for the identification of the elements 
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present [100]. Energy-filtered TEM involves using a range of energy loss signals from 
an EEL spectra to form images. Elemental distribution maps can be obtained by 
selecting energies of characteristic elemental signals and removing the corresponding 
background [100,101]. Elastic images and energy-filtered elemental maps were 
obtained using a Gatan Quantum ER 965 Imaging Filter installed on the TEM 
microscope, and a three-window method was used for acquiring elemental maps. 
2.2.3.1 Scanning transmission electron microscopy
Scanning transmission electron microscopy (STEM) is a very powerful and highly 
versatile group of microscopy techniques capable of high resolution imaging and 
nanoscale analysis. In the STEM, the incident beam is converged at the sample and 
raster (X-Y) scanned along the surface. Two types of detectors (bright field (BF) and 
high angle annular dark field (HAADF)) were used to detect the electron transmitted 
through the sample, as shown in Figure 2.6. The BF images are obtained by collecting 
the electrons which are scattered by a small angle whereas the HAADF images are 
obtained by collecting the electrons which are scattered by large angles. These high 
angle electrons are capable of providing information on mass variation in the sample 
[100]. 
Figure 2.6 A schematic representation of the working principle of scanning 
transmission electron microscopy. 
Chapter 2
37
 
In this study, a JEOL JEM 2100F instrument and an FEI Titan instument 
operated at 200 kV and 300 kV, respectively, were used to acquire imagesThe HAADF 
imaging was used tovisualize  particles size distribution in the composite samples 
containing carbon and heavy elements.
2.2.4 Energy-dispersive x-ray (EDX) spectroscopy
Typically, SEM instruments are equipped with additional detectors which have 
analytical capabilities. A very common technique is energy-dispersive x-ray 
spectroscopy (commonly abbreviated as EDS, EDX or XEDS). EDX spectroscopy can 
be used for the elemental analysis or visualizing elemental distributions in the samples.  
This spectroscopy technique is based on the analysis of characteristic (with energies 
depending on the presence of particular elements) x-rays that are emitted from the 
sample as a result of the interaction of the beam with core electrons of the atoms in the 
specimen. Commonly, TEM instruments are also equipped with EDX detectors, which 
makes it possible to do a similar type of elemental analysis in TEM. Due to the small
thickness of TEM specimens and a larger energy of electrons in TEM instruments, the 
resolution of the TEM-EDX analysis is much better than that of the SEM-EDX 
analysis. In this thesis, elemental analysis of samples (powders and electrodes) were 
performed by both SEM-EDX and TEM-EDX methods. 
2.2.5 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a variety of thermal analysis which determines 
the amount and rate of changes in the weight of a material as a function of temperature 
or time in a controlled atmosphere. This technique can measure weight losses or gains 
due to the sorption/desorption of volatiles, decomposition, oxidation and reduction 
reactions of the composite samples. A schematic diagram of a typical TGA curve is 
shown in Figure 2.7. In particular, three regions are demonstrated. There is no weight 
change in the horizontal portion of the a-b and c-d regions, whereas the b-c region 
indicates a significant weight change.  The weight of the sample remains constant up 
to a temperate of 450oC in this example, indicating that the sample is thermally stable 
up to 450oC. After this temperature it starts losing its weight, indicating the 
decomposition of the sample and weight loss in continued up to 550oC (b-c). Finally, 
the weight of the sample remains constant (c-d), indicating a stable residue. The weight
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Figure 2.7 A schematic diagram of a TGA curve.
loss data provide information about the composition of the sample and understanding 
of the reactions involved in its decomposition. In this Ph.D. thesis, TGA (TA Q50 
thermogravimetric analyser) was performed to determine the amount of amorphous 
carbon in the composite materials. The samples were heated up to 1000oC in the air
with a 5-10o C per min heating rate and a typical loading of samples in the range of 5-
10 mg. 
2.3 Electrochemical testing
2.3.1 Electrode preparation 
To test the electrochemical performance, powder samples were mixed with carbon 
black (Super P Li, Timcal Corporation) and a binder, carboxymethyl cellulose (CMC) 
or gum Arabic acacia (Sigma-G 9752) in a weight ratio of 80: 10: 10 in a solvent 
(distilled water). The slurries were spread onto Cu foil substrates with an average 
loading of 1.2-1.5 mg, and these coated electrodes were dried in a vacuum oven at 100 
°C for 24 h. The electrodes were then pressed using a disc with a diameter of 25 mm 
to enhance the contact between the Cu foil and active materials. Subsequently, the 
electrodes were cut to 1×1 cm2 pieces. However, it is important to note that 
phosphorous-based electrodes were used directly without any pressing. 
2.3.2 Coin cell assembly
The electrochemical half cells were assembled in an Ar-filled glove box (< 1 ppm of 
H2O; < 2 ppm of O2) (Innovative Technology, USA) using CR 2032 coin cells with 
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Figure 2.8 A schematic illustration of the components of a coin type cell (CR 3032).
the potassium or lithium metal as the counter electrode. 0.75 M KPF6 in a 1:1 (v/v) 
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) was used as an 
electrolyte and Whatman Glass Microfiber Filter (Grade GF/F) as a separator for 
potassium cells, whereas 1 M LiPF6 in a mixture of ethylene carbonate (EC)/dimethyl 
carbonate (DMC)/diethyl carbonate (DEC) (MTI Corporation, USA) with a volume 
ratio of 1:1:1 were used as an electrolyte, and a microporous polyethene film (MTI 
Corporation, USA) were used as a separator for lithium cells. In some cases, 2% 
fluroethylene carbonate (FEC) (by volume) was used as an electrolyte additive for 
potassium cells. A schematic illustration of the coin cell assembly is shown in Figure 
2.8.
2.3.3 Galvanostatic charge-discharge
The charge-discharge tests were conducted under a constant current density and within 
a fixed potential window. The capacity (Q) can be calculated based on the charge or 
discharge time by applying the following equation:
Q = I t.......... (2.2),
where I is current density and t is the time. Land Battery Testing System (Wuhan Land 
Electronics Co Ltd., China) was used to test  the coin cell. The system is capable of 
switching charge and discharge steps autometically when the limits of the potential 
range are reached. The data were collected using LANDdt software. Charge-discharge, 
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Coulombic efficiency, rate capability, and cycling stability of the electrodes were 
measured. 
2.3.4 Cyclic voltammetry
Cyclic voltammetry (CV) is the most effective and practical electroanalytical 
technique available for electrochemical testing. It is particularly versatile for the 
analysis of thermodynamics and kinetics of the electron transfer at the electrode and 
electrolyte interface. It is often used as a diagnostic tool for elucidation of electrode 
mechanisms. The significant factors are the maximum and minimum potential limits, 
which define the potential window. To avoid electrolyte decomposition during 
cycling, a proper potential window must be chosen. Every cell is cycled in a preferred 
potential window, where the potential is changed at a constant rate. By measuring the 
current response over a whole cycle (i.e., in the course of both cathodic (ipc) and anodic 
(ipa) scans), one can identify electrochemical reactions that happen at particular 
potentials by observing the current peaks, as shown in Figure 2.9 [102]. It is observed 
in Figure 2.9 that a positive sweep rate causes the oxidation and negative sweep rate 
causes the reduction of the working electrode. In this thesis, these measurements were 
conducted on an Ivium-n-stat electrochemical analyser (Ivium Technology, the 
Netherlands) with a scan rate 0.5 mV s-1. A 1470E cell test system (Solatron, England) 
with a scan rate of 0.05 mV s-1 and Biological SP-150 galvanostat/potentiostat were 
also used to perform this test.
Figure 2.9 A typical cyclic voltammogram where ipc and ipa show the cathodic and 
anodic peaks, respectively, for a reversible reaction.
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2.3.5 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is an efficient method for the 
characterization of kinetic parameters of the electrode processes, as well as the 
processes in the electrolyte, passivation layers, charge transfer at the electrode-
electrolyte interface and K+ diffusion. This is a faradic process associated with a redox 
reaction and is often described using a parameter known as charge transfer resistance 
(Rct). Rct is one of the important parameters for quantitative characterization of the 
speed of an electrode reaction. Normally, a large Rct indicates a slow electrochemical 
reaction. The Rct can be calculated from EIS, with the value equal to the diameter of 
the compressed semi-circle in medium frequency region (Figure 2.10). Typically, the 
impedance curve of a potassium-ion cell, show one compressed semicircle in the
medium frequency region and an inclined line approximately 45o in the low frequency 
region which is associated with the limitations in mass transfer could be considered as 
Warburg impedance.
In this thesis, EIS was performed on the cells over the frequency range of 100 
kHz to 0.01 Hz using an Ivium-n-Stat computer-controlled electrochemical analyser 
(Ivium Technologies, The Netherlands) with an amplitude of the AC signal of 5 mV.   
Figure 2.10 A typical EIS curve of an electrochemical system.
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Chapter 3
Tin-based composite anodes for potassium-ion 
batteries
3.1 Introduction
As discussed in chapter one, potassium-ion batteries are in a very early stage of 
development and materials that have been studied for electrodes are rather limited at 
present. Therefore, establishing promising electrode materials is of paramount
importance for this new type of batteries. According to literature, the tin-based anode 
is a promising alloy material for lithium-ion batteries and sodium-ion batteries because 
of its high theoretical capacity, low cost and environmental friendliness [103-105]. 
Pure Sn can theoretically deliver 847 mAhg-1, which corresponds to the formation of 
Na15Sn4, in sodium-ion batteries and 900 mAhg-1, which corresponds to the formation 
of Li22Sn5, in lithium-ion batteries. However, it is well known that one disadvantage 
of using the tin for sodium storage is the large volume expansion (420% volume 
change) during the formation of Na15Sn4; this phenomenon is also observed for 
lithium storage application (260% volume change). This large volume change during 
the sodiation/de-sodiation and lithiation/de-lithiation cause cracks in the electrode 
structure, which rapidly leads to a fast capacity fade [103-105]. It has been documented 
by various authors that this problem may be controlled by properly modifying the 
electrode configurations, such as by decreasing the particle size, using thin films, and 
selecting an optimized binder. However, the nanostructure is not the ultimate solution 
in lithium-ion and sodium-ion technology because this structure creates some 
problems such as a low energy density and a high surface reactivity, resulting in 
handing difficulties and safety hazards. A common approach to avoid this problem is 
to prepare composite materials in which Sn nanoparticles are finely dispersed in a 
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carbon matrix. This prevents the particle aggregation and helps to avoid safety hazards, 
while still maintaining the advantages of nanometer dimensions of tin for controlling 
mechanical strain [103-105].
For the first time, I have attempted to investigate anodes based on Sn as 
possible electrode candidates for potassium-ion batteries. As I discussed, the 
electrochemical performance of pure Sn is, however, unsatisfactory, due to the 
mechanical degradation of the electrodes caused by large volume changes during the 
cycling process [106, 107]. The most appropriate approach to overcome this issue is 
to prepare Sn-based electrodes in the form of a Sn-carbon composite in which Sn 
nanoparticles are mixed with or dispersed in a carbon component [108]. Therefore, in 
order to evaluate Sn as a possible candidate for an electrode material for potassium-
ion batteries, we have also prepared the material in the form of a Sn-carbon composite. 
Experimental evidence suggests that Sn is capable of alloying/de-alloying with 
potassium in a reversible manner.
3.2 Experimental
The Sn-C composite was synthesized by mixing tin (Johnson Matthey, 99.9%) and 
graphite (Sigma Aldrich, 282863, < 20 μm) powders in a 7:3 weight ratio. After that,
the mixture (5gm) was loaded into a milling container with four stainless steel balls 
(25.4 mm in diameter). The container was filled with argon gas with an excess gas 
pressure of 100 kPa.  The milling was carried out in the presence of an external magnet 
located at the bottom of the mill at the 135o position in relation to the vertical direction 
with a rotation speed of 160 rpm for a period of 100h. The milled products were 
removed from the ball milling container in the presence of an inert Ar atmosphere.
This synthesized Sn-C composite was characterized by X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), energy-dispersive x-ray spectroscopy 
(EDS) and transmission electron microscopy (TEM). XRD data were collected from 
powder samples and cycled electrodes on a PANalytical X’Pert Pro instrument using 
D&X.ĮUDGLDWLRQVRXUFH(O = 1.54181 Å) operated at 40 kV with 30 mA current. XRD 
data were recorded over a range of 10 - 90o by keeping the step angle and dwell time 
at 0.02o and 2 s. The X'Pert High Score Plus software was used to identify the phases 
present in the powder. The transmission electron microscopy (TEM) characterisation 
of the samples was performed using a JEOL JEM 2100F instrument operated at 200 
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kV. The elastic bright field image and energy filtered TEM (EFTEM) elemental maps 
of carbon and Sn were obtained using Gatan Quantum ER 965 Imaging Filter. The
three-window method was used for the acquisition of the elemental maps that were 
subsequently combined in a colour-coded energy-filtered image. The quantitative 
energy-dispersive x-ray spectroscopy (EDS) analysis was performed in a JEOL JSM 
7800F scanning electron microscope. Prior to the analysis, the sample was compacted 
into a pellet with a flat surface. Thermogravimetric analysis (TGA) was performed 
using a Q50 thermogravimetric analyser in an air atmosphere with the heating rate of 
5oC/min to determine the amount of carbon and tin (Sn) in the sample.
To test the electrochemical performance, Sn-C was mixed with super P LiTM
carbon black (Timcal Limited) and a sodium carboxymethyl cellulose (CMC) binder 
with a weight ratio of 80:10:10 in a de-ionized water to form a homogeneous slurry. 
The slurry was spread onto a copper foil substrate, and these coated electrodes were 
dried in a vacuum oven at 90oC for 24 h.  The electrodes were then pressed using a 
stainless steel metal disc to enhance the contact between the active materials and the 
Cu foil. Subsequently, the electrodes were cut to the size of 1×1 cm2. The average 
loading mass of the electrodes was approximately 1.3 mg cm-2. Coin cells (CR 2032) 
were assembled in an Ar-filled glove box (Innovative Technology, USA). Potassium 
metal was used as a counter/reference electrode, and Whatman Glass Microfiber Filter 
(Grade GF/F) was used as a separator. The electrolyte was 0.75M KPF6 in a mixture 
of ethylene carbonate (EC) and diethyl carbonate (DEC) with a volume ratio of 1:1.
For comparison purpose, lithium-ion and sodium-ion coin cells were also fabricated 
using Sn-C electrodes. In lithium coin cells, lithium metal was used as a 
reference/counter electrode and 1M LiPF6 in a mixture of ethylene carbonate (EC), 
diethylene carbonate (DEC), and dimethyl carbonate (DMC) with a volume ratio of 
1:1:1 was used as an electrolyte. In the case of sodium coin cells, the electrolyte was 
1 M NaClO4 in propylene carbonate with 2 vol.% fluroethylene carbonate additives. 
A polyethylene separator (MTI Corporation, USA) and a Whatman Glass Microfiber 
Filter (Grade GF/F) were used in lithium and sodium half cells, respectively, as 
separators. The cells were galvanostatically discharged/charged at a suitable current 
rate in the potential range of 0.01-2V vs. K/K+, Li/Li+ and Na/Na+ using a computer 
controlled LAND battery system (Wuhan LAND Electronics, Ltd, China). The 
calculated capacity was based on the mass of the active material. Cyclic voltammetry 
of pure Sn sample (CV) was performed on a Solartron Analytical electrochemical 
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workstation with a scan rate of 0.05 mV s-1, and Bio-Logic SP-150
galvanostat/potentiostat was used to perform this test for the Sn-C composite.
3.3 Results and discussion
3.3.1 Physical and structural characterization
The XRD patterns of commercial Sn powder and the Sn-C composite are shown in 
Figure 3.1. These diffraction patterns exhibit several peaks in both samples which are 
consistent with the tetragonal phase of Sn (JCPDS no. 04-004-7744). No 
distinguishable peaks of any other phases or impurities were detected, indicating that
Sn-C composite with reasonably high purity Sn component can be obtained after ball 
milling. Moreover, the diffraction peaks of the Sn-C sample have a low intensity with 
respect to the noise level and are broadened, highlighting a small crystallite size of Sn. 
The (002) graphitic peak at around 26o is no longer observed clearly, indicating that 
the graphitic structure in the carbon component is substantially lost after ball milling. 
The high background at lower double angles (up to 33o) originates from a broad peak
of Kapton tape used to protect the sample from reactivity with air during the XRD 
measurement.
Figure 3.1 X-ray diffraction pattern of Sn (commercial powder) and Sn-C composite.
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To detect the composition and estimate the amount of carbon in that 
composition, EDS (Figure 3.2a) and TGA (Figure 3.2b) analyses were carried out, 
respectively. EDS examination estimates the presence of 62.6 wt.% Sn, 29.3 wt.% C, 
7.8 wt.% O, and 0.4 wt. % Fe in the composite. The oxygen contamination originates 
from the exposure of the sample to air during analysis (most of the electrode 
preparation was done in the glove box, and we believe that the oxygen content in the 
electrodes is smaller), while the iron contamination is from ball milling media (balls 
and milling container). On the other hand, TGA was carried out in an air atmosphere. 
As can be seen from Figure 3.2b, Sn-C powder started to oxidize slowly in air at 
temperatures above 200oC, with rapid oxidation above 280oC. It is observed that Sn-
C composite powders showed rapid mass loss between 350-500oC, which corresponds 
to the burning of carbon. The composition of 65 wt.% Sn and 35 wt.% carbon was 
estimated from the TGA data.
Figure 3.2 (a) EDS output obtained from Sn-C composite materials and (b) 
thermogravimetric curve (in the atmosphere of flowing air) of Sn-C composite. 
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To obtain information concerning structural and morphological features of the 
Sn-C composite, TEM measurements were carried out (Figure 3.3 and Figure 3.4). A 
bright-field TEM image of the sample is presented in Figure 3.3a and displays that the 
sample consists of aggregates of small particles created by ball milling. Furthermore, 
the compositional distribution is examined by means of energy-filtered TEM. Figure 
3.3b shows an overlay of energy-filtered elemental maps of carbon (yellow) and Sn 
(blue), indicating that nanoparticles of Sn are distributed in the carbon component. The 
selected-area electron diffraction (SAED) pattern was taken and is shown in Figure 
3.3c. The SAED pattern is a ring pattern that can be indexed to the tetragonal phase of 
Sn. These results are consistent with the data in the XRD pattern (Figure 3.1).
Figure 3.3 TEM characterisation:   (a) an elastic bright-field image; (b) an overlay of 
energy-filtered elemental maps of carbon and Sn (colour scheme: C-yellow; Sn-blue); 
and (c) a SAED pattern of the Sn-C composite.
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Figure 3.4 TEM image of Sn balls evolving from the Sn-C composite under 
concentrated electron illumination.
The sample was sensitive to the electron beam, and extreme care was taken not 
to alter the structure during TEM observation. As we can see, when the beam intensity 
was concentrated on a small local area, the real-time evolution of Sn balls (confirmed 
by EDS analysis) was observed (Figure 3.4).
3.3.2 Electrochemical performance
Figure 3.5a-c shows the results of the galvanostatic discharge-charge measurements of 
the electrodes performed at a current rate of 25 mA g-1 in the potential range of 2.00 -
0.01 V vs. K/K+ at room temperature. It is observed that the Sn-C electrode is reactive 
towards potassium and capable of delivering reversible capacities of 150-170 mAh g-
1 in the course of cycling (the capacities from the charge of the half-cell are shown in 
Figure 3.5a). The initial reversible capacity increases till the eighth cycle and 
subsequently decreases to about 110 mAh g-1 after 30 cycles. It is important to consider 
the contribution to the capacity of the carbon component in the composite because it 
may be electrochemically active as well. With this in mind, we have also measured the 
capacity of carbon material produced by milling of pure graphite under similar 
conditions, and the cyclic behaviour is also plotted in Figure 3.5a. It can be seen that 
the estimated capacity of milled carbon is at a slightly lower level than that of the 
composite. It is, therefore, reasonable to expect that the Sn component in the electrode 
has a capacity of 150-170 mAh g-1. In contrast, very limited capacity is observed in 
the electrode prepared from coarse pure Sn, indicating that issues with a limited 
capacity 
Chapter 3
50
 
Figure 3.5 Electrochemical performance of the electrodes in potassium half-cells: (a) 
cycling performance at a current rate of 25 mA g-1 within 2.00-0.01 V vs K/K+
(reversible capacity is shown); (b) the corresponding Coulombic efficiency; (c) 
galvanostatic discharge-charge potential profiles for the selected cycles; and (d) cyclic
voltammogram recorded at a scan rate of 0.05 mV s-1.
and compromised cycling stability for “bulk” Sn electrodes known in lithium and 
sodium cells [106, 109] are present in potassium cells as well. The Coulombic 
efficiencies of the electrodes made with the Sn-C composite and ball milled carbon are 
presented in Figure 3.5b. The initial efficiency in the first cycle is around 50%, larger 
than that of the electrode prepared with ball milled carbon, and monotonously 
increases to above 80% after 15 cycles. Importantly, no electrolyte additives typical 
for sodium cells (e.g., fluoroethylene carbonate (FEC) or vinylene carbonate (VC)) are 
used in our experiments, and the Coulombic efficiency data may be far from optimised 
at this point.
The charge-discharge curves of the Sn-C electrode in the first, second, 10th and 
15th cycles are shown in Figure 3.5c. The discharge-charge processes display 
characteristic features related to potassium alloying-dealloying reaction, 
predominantly, with some contribution from potassium insertion into carbon.  During 
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the first discharge-charge, an irreversible capacity loss of 148 mAh g-1 (the first 
discharge and charge capacities are 288 and 140 mAh g-1) is recorded which is a 
common feature in battery anodes generally attributed to the formation of a solid 
electrolyte interphase layer (SEI) on the surface of the electrodes. The discharge-
charge potential profiles are consistent with the results of cyclic voltammetry (CV), as 
shown in Figure 3.5d. The reduction (cathodic) scan results in a features located at 0.9 
and 0.01-0.17 V vs. K/K+. In the oxidation process (anodic scan), a pair of de-alloying 
peaks at 0.7, 0.83 and 1.05 and 1.18 V vs. K/K+ is clearly visualised, which are well 
matched with mini-plateaus in the charge potential profiles. 
A CV for the pure Sn electrode is also shown in Figure 3.6, similar features 
between 0.7 and 1 V vs. K/K+ are visible in the CV pattern of this electrode. This CV 
indicates that the observed electrochemical signatures are specific to the process in the 
Sn component.
These results suggest that similar to lithium and sodium cells, alloying in the 
Sn component happens with potassium, and KxSny phases form on the discharge of 
half-cell. According to the binary phase diagram, a range of phases such as K2Sn, KSn, 
K2Sn3, K2Sn5, KSn2 and K4Sn23 are possible in the potassium-tin system [110]. In an 
attempt to shed light on the storage mechanism, XRD analysis was performed on the 
electrodes after cycling. The cycled electrochemical cells were disassembled in an Ar-
Figure 3.6 CV curves of an electrode assembled with pure Sn. An indicative range of 
1.1– 0.01 V vs. K/K+ is shown.
Chapter 3
52
 
Figure 3.7 XRD patterns of Sn-C electrodes after the first discharge and the first 
charge in a potassium half-cell.
filled glove box for this ex-situ XRD measurements. Than the cycled electrodes were 
taken out and washed with DEC to remove the residual electrolyte. The XRD patterns 
of cycled electrodes are displayed in Figure 3.7.  In order to identify phases, we 
attempted to use standard JCPDS diffraction cards available for the potassium-tin 
alloys. Due to the scarcity of the available diffraction data for these phases, an atomic 
species swapping method was also attempted. JCPDS cards of known lithium-tin and 
sodium-tin alloys were looked up, and an assumption was made that analogous 
potassium alloys may also exist, exhibiting similar (although with, possibly, slightly 
altered positions) diffraction peaks.
The XRD patterns of discharge and charge products obtained in the first cycle 
are shown in Figure 3.7. It can be seen that, after the first discharge to 0.01 V vs. K/K+,
the XRD peaks of Sn (JCPDS no. 04-004-7744) substantially disappear or at least 
greatly diminish. The pattern demonstrates a number of diffraction peaks, indicating 
that not just one phase but a few are visible in the pattern. It is not possible to match 
these peaks convincingly, and the current interpretation of the diffraction pattern is 
inconclusive. Some of the peaks could originate from Sn (JCPDS no. 04-004-7744), 
K2Sn5 (a phase analogous to a known lithium-tin alloy), and K4Sn23 (JCPDS no. 04-
004-8647). After the first charge of the cell back to 2.0 V vs. K/K+, the XRD pattern 
confirms the existence of the Sn phase, indicating a de-alloying process. 
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A useful exercise is to compare the electrochemical behaviour of this Sn-C
composite with potassium and its behaviour in lithium and sodium cells. The 
discharge-charge curves of lithium and sodium half-cells recorded at the same slow 
current of 25 mA g-1 are shown in Figure 3.8. It can be observed that a reversible 
capacity of 800 mAh g-1 is measured in the lithium cell for the composite. Taking into 
account that the carbon component of the composite is also electrochemically active 
and assuming that its capacity is limited by the theoretical capacity of graphite (372 
mAh g-1), we can expect that the formation of the Li4.4Sn alloy happens in the Sn 
component in the lithium cells, delivering capacity close to a theoretical value (991 
mAh g-1 [111]) for the Sn component. At the same time, the capacity of only about 350 
mAh g-1 is measured for the Sn-C composite in the sodium half-cell. Taking into 
account that theoretical capacity of Sn with sodium is 845 mAh g-1 [112] and assuming 
that the carbon component is not electrochemically active, the expected capacity in the 
Sn-C composite is still 590 mAh g-1, well above the capacity observed in the 
experiment. In other words, only a partial alloying process occurs in the sodium cell 
for the Sn-C sample, and the Na15Sn4 alloy does not form in the Sn component.
The results from the sodium cells suggest that theoretical capacity in the 
potassium cell is probably not achieved as well in the Sn component due to more 
sluggish reaction behaviour of Sn with both sodium and potassium. This has an 
obvious drawback of the Sn component being unable to reach the final potassium-tin 
alloy phase, from which the theoretical capacity of Sn in potassium cells could be 
calculated, in this study. The discharge products observed in Figure 3.7 are probably 
just a mixture of intermediate phases, unable to reveal the mechanism in the cell fully. 
The positive implication, however, is the promise of improved electrochemical 
performance in the optimised Sn-based electrodes. Capacities of only 150-170 mAh g-
1 are measured in this work, but it may be expected that these values can be increased 
in the future work through the optimisation of binders, electrode architectures and 
identifying suitable electrolytes/additives for potassium-ion cells to support more 
efficient alloying of tin with potassium.
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Figure 3.8 Discharge-charge curves of the Sn-C electrode in lithium and sodium cells: 
(a) Li half-cell; (b) Na half-cell. 
3.4 Conclusion
In this chapter, a Sn-C composite material has been prepared by mechanical ball 
milling of 70 wt. % Sn powder with 30 wt. % graphite. The material consists of Sn 
nanoparticles dispersed in carbon (no longer graphitic). The electrochemical 
experiments demonstrate that the material functions as a negative electrode for
potassium-ion batteries within a potential range of 2.00-0.01 V vs. K/K+. The 
reversible capacities of about 150 mAh g-1 can be measured. It has been shown through 
XRD analysis that crystalline phases form on the discharge of potassium half-cells and 
decrease in intensity on a charge, indicating that an alloying process occurs in the Sn 
component of the electrode. The obtained results broaden the range of materials 
potentially suitable for the anodes of PIBs.
The results presented in this chapter have been published in
Sultana, I.; Ramireddy, T.; Rahman, M. M.; Chen, Y.; Glushenkov, A. M. Tin-based 
composite anodes for potassium-ion batteries. Chemical Communications 2016, 52, 
9279-9282.
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Chapter 4
Potassium electrochemistry of silicon-graphene 
anodes
4.1 Introduction
Silicon is one of the attractive anode materials of interest in lithium-ion batteries, and 
on-going efforts are currently directed to commercialize it in this application [113,
114]. The attractive properties of silicon in lithium cells include electrochemical 
activity at low potentials with respect to the lithium metal electrode and its very high 
theoretical capacity (4200 mAh g-1, through the mechanism of alloying with lithium 
to yield Li4.4Si). The synthesis methods for silicon nanoparticles are rather mature, 
and, furthermore, a number of methods to create composites of Si with carbon have 
been established [115, 116]. Moreover, silicon is environmentally friendly and 
abundant in Earth’s crust [9]. It is naturally of interest to investigate if Si may be an 
attractive anode material in potassium-ion batteries via a mechanism of alloying with 
potassium. Previous calculations have suggested that such an alloying mechanism can 
indeed be possible to yield a theoretical capacity of 955 mAhg-1 [117] (through the 
formation of a KSi alloy); however, no experimental studies have been conducted on 
the behavior of silicon in potassium-ion batteries so far. 
In this chapter, for the first time, I have attempted to investigate the 
electrochemistry of a silicon-based anode in potassium electrochemical cells. It is 
known from the literature that the main challenges for the practical implementation of 
Si anodes in lithium-ion batteries are a huge volume variation during lithiation and 
delithiation processes (> 300%) and unstable surface electrolyte interphase (SEI) 
films; these issues result in pulverization, low cycling efficiency, and permanent 
capacity loss in electrodes. A common way to overcome these issues is to minimize 
the size of the silicon particles and control the nature of the electrode-electrolyte 
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interface via preparing an electrode material in the form of Si nanoparticles dispersed 
in a carbon component [118-120]. For example, a composite of Si nanoparticles with 
graphene may be a suitable type of an optimized model system to study the behavior 
of silicon based electrodes in battery cells [121]. In order to evaluate Si as a possible 
candidate for an electrode material for potassium-ion batteries, the need to optimize 
the structure of the electrodes was taken into account and a sample of a composite of 
Si particles with graphene (similar to the one used in ref. [121]) with a weight ratio of 
Si to graphene of 1:1. 
4.2 Experimental
Silicon-graphene composite, pure silicon and graphene powders were purchased from 
Carbon Allotropes Pty Ltd (New South Wales, Australia).
These materials were characterized by X-ray diffraction (XRD), 
thermogravimetric (TGA) analysis, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). X-ray diffraction (XRD) data were collected 
from powder samples RQD3$1DO\WLFDO;
3HUW3URLQVWUXPHQWXVLQJD&X.ĮUDGLDWLRQ
source (1.54181 Å) operated at 40 kV with 30 mA current. XRD data were recorded 
over a range of 20-80 with a step time and size of 500 s and 0.0130, respectively. SEM 
was carried out using Carl Zeiss Supra 55vp instrument to analysis the morphology of 
the sample. TEM was done using JEOL JEM 2100F transmission electron microscope 
operating at 200 kV. Thermogravimetric analysis (TGA) was performed using a Q50 
thermogravimetric analyser in air atmosphere where samples were heated from 50 to 
800 oC at a rate of 5o C min-1 to determine the amount of graphene and silicon in the 
sample. 
To test the electrochemical performance, the samples were mixed with Super 
P Li carbon black and a binder, sodium carboxymethyl cellulose (CMC), in a weight 
ratio of 80: 10: 10 in a solvent (distilled water). The slurries were spread onto Cu foil 
substrates, and these coated electrodes were dried in a vacuum oven at 90 0C for 24 h. 
Each electrode was then pressed using a disc with a diameter of 25 mm to enhance the 
contact between the Cu foil and active materials. Subsequently, the electrodes were 
cut to the size of 1 × 1 cm2 and materials loading was controlled in the range between 
1.05 and 1.20 mg. CR 2032 coin-type cells were assembled in an Ar filled glove box 
(Innovative Technology, USA). Potassium metal was used as the counter/reference 
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electrode, and Whatman GF/F microfiber glass membranes were used as separators. 
The electrolyte was 0.75 M KPF6 in a mixture of ethylene carbonate (EC) and diethyl 
carbonate (DEC) with a volume ratio of 1:1. The cells were galvanostatically 
discharged/charged at a current rate of 50 mA g-1 in the potential range of 2-0.01 V vs.
K/K+ using a computer controlled LAND battery system. The temperature for the tests 
was maintained at 25 oC. The cycled electrochemical cells were disassembled in the 
Ar glove box for ex-situ XRD measurements. The cycled electrodes were taken out 
and washed with DEC to remove residual electrolyte. Kapton tape was used for this 
measurements to protect the electrode from reacting with air and moisture.
4.3 Results and discussion
4.3.1 Physical and structural characterization
Figure 4.1a shows the XRD pattern of the Si-graphene composite material, pure silicon 
nanoparticles, and pure graphene. Pure Si shows obvious diffraction peaks 
corresponding to crystal planes of Si (111), (220), (311), (400) and (331) (standard 
diffraction file JCPDS #00-005-0565). The diffraction pattern of Si-Graphene is same 
as that of pure silicon nanoparticles, implying that the silicon crystals in the Si-
graphene are not destroyed. To confirm the amount of graphene in the silicon-graphene 
composite, TGA was carried out in the air (Figure 4.1b). A nearly 50 % weight loss 
was recorded at 500oC due to the combustion of graphene. Si nanoparticles are stable 
against oxidation up to 800oC due to a protective native oxide layer on their surface. 
Therefore, the mass fraction of Si in the composite was close to 50%. 
The morphological evaluation of pure silicon, graphene, and Si-graphene 
composite was carried out by means of SEM analysis as shown in Figure 4.2. Figure 
4.2a shows a typical morphology of micrometer-sized aggregates of Si nanoparticles 
with different shapes and sizes. Figure 4.2b demonstrates a porous interconnected 
network of graphene with the presence of wrinkles and folds in the image, which are 
characteristic features of graphene sheets. A significant morphological variation is 
observed in the Si-graphene composite sample (Figure 4.2c). A porous interconnected 
network of graphene is no longer clearly distinguishable in Si-graphene sample, which 
reveals that aggregates of Si particles or/and Si nanoparticles may be more evenly 
distributed, dispersed into the pores and attached on the surface of graphene sheets.  
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Figure 4.1 (a) X-ray diffraction of Si-graphene, pure Si and pure graphene, (b) TGA 
analysis of Si-graphene materials.
Figure 4.2 SEM images: (a) pure Si; (b) pure graphene; and (c) Si-graphene 
nanocomposite material.
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Figure 4.3 TEM characterization: (a) an elastic bright-field image; (b) a SAED pattern 
of the Si-graphene composite.
To obtain additional information concerning structural and morphological 
features of the Si-graphene composite sample, TEM measurements were carried out 
(Figure 4.3). The TEM image in Figure 4.3a gives further support to the observation 
of the Si particles (darker contrast) with sizes from tens of nm to two-three hundred 
nm and thin sheets of carbon in this material. Figure 4.3b shows the selected area 
electron diffraction (SAED) pattern of Si-graphene sample, where the diffraction spots 
corresponding to d-spacings of 3.13, 1.92 and 1.63 nm are visible. These correspond 
to diffraction from the (111), (220), and (311) crystallographic planes, respectively. 
These results are also consistent with the information provided by XRD patterns 
(Figure 4.1a). 
4.3.2 Electrochemical characterization
The electrochemical data for the Si-graphene composite are shown in Figure 4.4a-4.4b.
The galvanostatic charge-discharge routines were carried out under a current load of 
50 mAg-1 within potential limits of 2 – 0.01 V vs. K/K+. As it follows from Figure 
4.4a, the Si-graphene electrode displays reasonably stable capacity above 100 mAhg-
1 in the course of fifty cycles (with reversible capacities of 130 and 100 in the first and 
last cycles). Note that the specific capacity is based on the total mass of the Si-graphene 
composite in this measurement. With the exception of the first cycle, the shape of the 
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Figure 4.4 Evaluation of Si-graphene electrodes in the potassium cells: (a) capacity 
vs. cycle number and (b) charge-discharge profiles.
charge-discharge profiles of the Si-graphene electrode is rather triangular, with the
rather capacitive response, not typical for the alloying-dealloying process. It indicates 
that the carbon component may be the main contributor to the apparent capacity, and 
the contribution of Si is, perhaps, negligible.
To verify this, I looked closely at electrochemical performances of individual 
Si and graphene electrodes. All the tests for galvanostatic charge-discharge routines 
were carried out under a current load of 50 mAg-1 within potential limits of 2 – 0.01 V 
vs. K/K+. The electrochemical data for pure Si and graphene electrodes are depicted in 
Figure 4.5a-4.5d. Only tiny capacity can be measured from pure Si electrodes in 
potassium cells (Figure 4.5a and 4.5b), in line with the idea that Si is probably inert 
towards the alloying process with potassium. The observed minor electrochemical 
activity is likely to be of a capacitive nature. Indeed, a number of silicon materials with 
a relatively developed surface area (e.g., arrays of Si nanowires) have been previously 
considered as supercapacitor electrode materials [122]. On the other hand, the pure 
graphene electrode shows an elevated reversible capacity at a level of 120-200 mAh 
g-1 over the first 50 cycles of cycling (Figure 4.5c and 4.5d). On the basis of these data, 
it is reasonable to conclude that the alloying process of Si and potassium does not 
occur to any significant extent and the charge storage is predominantly due to the 
contribution of the graphene component.
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Figure 4.5 Electrochemical behavior of Si and graphene electrodes in the potassium 
cells: (a,b) capacity vs. cycle number and charge-discharge profiles for a  pure Si 
electrode; (c,d) capacity vs. cycle number and charge-discharge profiles for a graphene 
electrode.
To make sure that this model system is a proper Si-based electrode system for 
the battery application, I also tested the composite in lithium cells. Lithium metal was 
used as a reference/counter electrode in a coin cell and 1M LiPF6 in a mixture of 
ethylene carbonate (EC), diethylene carbonate (DEC), and dimethyl carbonate (DMC)
with a volume ratio of 1:1:1 was used as an electrolyte. Indeed, the sample exhibits a 
reversible capacity of about 1800 mAh g-1 in the first few cycles (Figure 4.6a and 
4.6b), in line with the expectations for the behavior of this material in a lithium cell.
In order to provide additional evidence, XRD and SEM analyses were 
performed on the Si-graphene electrodes after cycling. According to the reference 
source [123], Si and potassium may adopt a range of alloys (e.g., KSi, K12Si17, K7Si46,
K8Si46), and it is reasonable to expect the appearance of at least one of these alloys in
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Figure 4.6 Electrochemical performance of the Si-graphene electrodes in lithium half-
cell: (a) cycling stability (b) charge-discharge profile.
the XRD pattern of used electrodes. The XRD patterns of the electrodes after the first 
charge and discharge in potassium half-cells are shown in Figure 4.7. It can be seen 
that visible peaks from Si (JCPDS no 00-005-0565) are still present after the first 
discharge and the first charge of the cells, and there is no apparent change in the 
intensity of those peaks. The rest of the features in the patterns originate from Kapton 
tape (used for protecting the sample from the exposure to air and moisture; a broad 
hump at 20-35o), copper substrate and the sample holder (minor signals in the range 
of 40-50o). These results indicate that there is no apparent alloying process between Si 
and potassium. 
Figure 4.7 XRD patterns of Si-graphene electrodes after the first discharge and the 
first cycle charge in a potassium half-cell.
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Figure 4.8 SEM images of the Si-graphene electrodes: (a) without cycling; (b-c) after 
the first cycle and 50 charge/discharge cycles at a 50 mA g-1 current.
It is well known that alloying of anode materials with an alkali metal often 
causes a significant volume change in the electrodes, resulting in the development of 
cracks and delamination of electrodes. To check the electrode surface, post-cycling 
SEM investigation was carried out on the electrodes after cycling at a current rate of 
50 mA g-1 (Figure 4.8). It is demonstrated that no obvious swelling and cracks are 
developed in the cycled Si-graphene electrodes (after 2nd and 50th cycles) (Figure 4.8b 
and 4.8c). Compared to the original morphology (without cycling) (Figure 4.8 a), 
active materials of cycled electrodes are strongly attached to the current collector, 
indicating that the electrochemical processes do not break down the mechanical 
integrity of the electrodes
4.4 Conclusion
There is a growing interest in potassium-ion batteries as an alternative battery system 
to lithium-ion and sodium-ion batteries. A viable potassium-ion battery will require a 
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negative electrode yielding sufficient volumetric and gravimetric capacity. This work 
was designed to study the electrochemistry of silicon in potassium cells. However, to 
sum up, the existing evidence on the behavior of Si-based electrodes in potassium 
cells, no evidence of alloying of silicon and potassium is visible at present. In contrary 
to the behavior expected from earlier calculations, Si remains inert to any significant 
electrochemical interaction with potassium in my experiments. As an alloy electrode 
material, Si is considered to be a promising anode for lithium-ion batteries and has 
been commercialized, whereas it is regarded as an electrochemically inactive electrode 
for potassium-ion batteries. The most challenge with Si-based anodes is to create an
electrochemically reactive structure with potassium. To overcome this limitation, new 
strategies/approaches are needed to construct reactive electrode architecture with 
potassium. 
The results presented in this chapter have been published in
Sultana, I.; Rahman, M. M.; Chen, Y.; Glushenkov, A. M. Potassium-ion battery 
anode materials operating through the alloying-dealloying reaction mechanism. 
Advanced Functional Materials 2017, (Accepted).
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Chapter 5
High capacity potassium-ion battery anodes 
based on black phosphorus
5.1 Introduction
Phosphorus has been demonstrated to be one of the most promising candidate anode 
materials for both lithium-ion batteries and sodium-ion batteries because of its high 
theoretical capacity (2529 mAh g-1EDVHGRQUHDFWLRQV/L3ĺ/L3P and 3Na + P 
ĺ1D3P, respectively) [79, 124-130]. It is an element of the fifth group in the periodic 
table and has three main allotropes: white, red and black. Among these three allotropes, 
white P is chemically unstable and flammable in the air about 50 oC due to a weak 
bond energy in the tetrahedral P4 structure, so it is not suitable for batteries [131]. On 
the other hand, red phosphorus (RP) and black phosphorus (BP) are chemically stable 
at room temperature and atmosphere. However, RP is amorphous in nature, but the 
orthorhombic black phosphorus is thermodynamically more stable allotrope, non-
flammable and insoluble in most solvents [124]. BP has a layered structure that 
consists of puckered sheets and good electrical conductivity, so it is very similar to 
graphite in terms of appearance, structure, and properties [132]. According to the
literature review, graphite is the most common negative electrode material used in 
current lithium-ion batteries technologies [133]. Early first principles calculations 
indicated that it is hard for Na to form intercalation compounds compared to other 
alkali metals [134]. But the recent manuscript claim that potassium can be reversibly 
inserted into graphite with a high capacity of 273 mAh g-1 in an electrochemical cell 
[8, 34, 35, 68]. Because of the structure of black phosphorus which is similar to
graphite and considering its high theoretical capacity, BP could be a potential anode 
material for potassium-ion batteries.
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There are some limitations of black phosphorus despite the high theoretical 
capacity in lithium-ion batteries and sodium-ion batteries, such as a low electronic 
conductivity and significant volume changes upon operation. This may result in an 
unsatisfactory electrochemical performance with either poor reversibility and 
Coulombic efficiency or problematic cyclic stability [124-126, 135]. The possible 
solution is that phosphorus-based anodes should be prepared in the form of 
nanocomposites in which the phosphorus component is finely dispersed in carbon 
component. According to Thrinath et al. BP-carbon composite electrodes are able to 
display a stable cyclic performance at the level of ~700 and ~350-400 mA h g-1 in 
potential windows 2.0-0.67 V vs. Li/Li+ for lithium and 2-0.33 vs. Na/Na+ for sodium 
half-cells [79]. Phosphorus-based anodes for potassium-ion batteries has been recently 
reported by Zhang et al. and it has been demonstrated that capacities exceeding those 
of graphitic materials can be measured [80]. However, it has been also suggested that 
the composites of carbon with pure phosphorus are not practical and the preparation 
of the anode material in the form of an alloy with another element (in particular, tin, 
to form a Sn4P3 alloy) is critical to achieve reasonable electrochemical stability.
In   this chapter, an alternative type of potassium-ion batteries anode based on 
pure black phosphorus encapsulated into carbon matrix is presented. Such an anode 
can deliver capacities well in excess of the graphitic ones and, based on the expected 
alloying mechanism to yield a KP alloy as the final phase, I propose a theoretical 
capacity as high as 843 mAh/g for the phosphorus component.  The material exhibits 
the highest gravimetric capacity among the known potassium-ion anodes and is also 
capable of quick depotassiation under appropriate conditions. 
5.2 Experimental
Red phosphorus (100 mesh, 98.9% purity) used in this work as a starting material was 
purchased from Alfa Aesar. The red phosphorus powder (6 g) was milled in a stainless 
steel jar using a Fritsch Pulverisette 5 planetary ball mill for 25 h under Ar atmosphere 
(200 kPa excess pressure above atmospheric) and thus black phosphorus was obtained. 
The ball to powder ratio was 110:1 (ten balls with a diameter of 25.4 mm were used). 
Rotation speed was 200 rpm. The obtained black phosphorus was mixed with graphite 
(Sigma Aldrich, 282863, <20 mm) in 7:3 and 5:5 weight ratios using similar 
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conditions. The milled products were removed from the ball milling container in the 
presence of an inert Ar atmosphere.
The synthesized materials were characterized by X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 
X-ray diffraction (XRD) data were collected from powder samples on a PANalytical 
;
3HUW3URLQVWUXPHQWXVLQJD&X.ĮUDGLDWLRQVRXUFHcRSHUDWHGDWN9
with 30 mA current. XRD data were recorded over a range of 20-80 with a step time 
and size of 500 s and 0.0130, respectively. The X'Pert High Score Plus software was 
used to identify the phases present. The morphologies of the samples were examined 
by scanning electron microscopy (SEM, Carl Zeiss Supra 55vp instrument). Energy-
filtered transmission electron microscopy (EFTEM) and electron energy loss 
spectroscopy (EELS) data were acquired on a JEOL JEM 2100F transmission electron 
microscope operating at 200 kV and equipped with a Gatan Quantum ER 965 Imaging 
Filter. EELS Spectrum Imaging data were acquired on the same instrument in a 
scanning transmission electron microscopy (STEM) mode.
To prepare battery electrodes, BP-C samples (7:3 or 1:1) were mixed with 
Super P Li carbon black and a binder, sodium carboxymethyl cellulose (CMC), in a 
weight ratio of 80: 10: 10 in a solvent (distilled water). The slurries were spread onto 
Cu foils, and these coated electrodes were dried in a vacuum oven at 90 oC for 24 h. 
The electrodes were cut to the square shapes with the size of 1×1 cm2 and the mass 
loading was controlled in the range between 1.1 and 1.5 mg cm-2. CR 2032 coin-type 
half-cells were assembled in an Ar filled glove box (Innovative Technology, USA). 
Potassium (K) metal was used as the counter/reference electrode, and Whatman GF/F 
microfiber glass membranes were used as separators. The electrolyte was 0.75 M KPF6
in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a volume 
ratio of 1:1. The cells were galvanostatically discharged/charged at a current rate of 50 
mA g-1 in the potential range of 2-0.01 V vs. K/K+ using a computer controlled LAND 
battery system (Wuhan LAND, China). The cycling was performed in a thermostat 
box programmed to maintain a constant temperature of 25 oC during the tests. The rate 
capability tests were conducted in two ways. In the first method, a half-cell cell was 
discharged and charged at the same set current for five cycles. The data for analysis 
were taken from the fifth cycle at each current, and the currents were progressively 
increased from 25 mA g-1 to 500 mA g-1. In the second method, a cell was first 
discharged and charged at the same current of 10 mA g-1 for five cycles. Subsequently, 
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the same cell was potassiated at a fixed slow current of 10 mA g-1 in each cycle, but 
the current of depotassation was increased from 25 mA g-1 to 2 A g-1. One cycle was 
conducted for each depotassiation current. Cyclic voltammograms (CV) were recorded 
using Ivium-n-stat electrochemical analyser (Ivium Technologies, the Netherlands) at
a scan rate of 0.5 mV s-1. The cycled electrochemical cells were disassembled in an 
Ar-filled glove box for the ex-situ XRD measurements. The cycled electrodes were 
taken out and washed with DEC to remove the residual electrolyte. Kapton tape was 
applied before the XRD measurements to protect the electrode from reacting with air 
and moisture. In order to compare changes in BP-C 1:1 and BP-C 7:3 electrodes after 
cycling, CV analysis was conducted before and after 30 galvanostatic cycles in a 
potential window of 2-0.01 V vs. K/K+. Additional electrochemical experiments 
included cycling phosphorus-based electrodes in restricted potential windows with 
lower upper cut-off potentials. In particular, BP-C 1:1 electrodes were cycled in a
potential window of 1.1-0.01 V vs. K/K+ and BP 7:3 electrodes were cycled in a 
potential window of 1.5-0.01 V vs. K/K+. Furthermore, electrodes assembled with pure 
black phosphorus were also evaluated and tested in a potential window of 2-0.01 V vs.
K/K+.
5.3 Results and discussion
5.3.1 Physical and structural characterization
As an initial step in the synthesis routine, black phosphorus was prepared by 
mechanical milling of red phosphorus powder in a planetary ball mill. The XRD 
patterns of the original amorphous red phosphorus and the resulting black phosphorus 
material are shown in Figure 5.1a. While the XRD pattern of the original red 
phosphorus material is dominated by two broad features, the pattern of the newly 
formed material can be indexed to the orthorhombic phase of black phosphorus 
(standard diffraction file JCPDS #00-009-0020), in line with the previous reports [79, 
124]. Subsequently, two phosphorus – carbon composite samples (with weight ratios 
of 7:3 and 1:1) were prepared by mechanical milling of mixtures of black phosphorus 
and graphite powders in the same planetary mill.  The XRD patterns of these samples 
(denoted BP-C; Figure 5.1a) indicate that the phase of black phosphorus is retained 
and certain broadening of the diffraction peaks is visible, suggesting a reduction in the 
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Figure 5.1 XRD and SEM data: (a) X-ray diffraction patterns of amorphous red 
phosphorus, black phosphorus and two nanocomposite anode materials with 
phosphorus/carbon weight ratios of 7:3 and 1:1; (b) a SEM image of the typical 
appearance of a phosphorus-carbon nanocomposite material.
size of crystallites. The broadening of the diffraction peaks is more pronounced in the 
sample with 1:1 weight ratio, suggesting a smaller particle size of black phosphorus in 
this composite. This is very much in line with recent findings for Sb-carbon 
nanocomposite materials, where a monotonous decrease in the particle size of Sb has 
been identified with the increase in carbon content in ball milled nanocomposites 
[136]. The graphitic peaks are not visible in the XRD patterns of both composites due 
to the disordering (amorphization) of the carbon component in the course of 
mechanical milling [79]. A typical morphology of phosphorus – carbon 
nanocomposite (a BP-C 7:3 sample is shown) is depicted in Figure 5.1b. A range of 
secondary aggregated particles with the sizes between hundreds of nanometers and 
tens of micrometers is visible. It can be concluded, overall, that the phosphorus and 
carbon components are compacted into dense aggregates, which is prospectively 
beneficial for gaining an attractive volumetric capacity and for improvement of 
packing of the active material in a practical battery electrode. Such a morphology of 
the sample for the application in a battery anode is preferred to the samples with a 
large number of voids and low density. 
To investigate the internal structure of the secondary aggregated particles, 
energy-filtered TEM and electron energy loss spectrum imaging was employed. The 
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Figure 5.2 Energy-filtered TEM of a black phosphorus-carbon nanocomposite (the 
sample with 1:1 weight ratio is shown): (a) an elastic bright-field TEM image; (b, c) 
elemental maps of phosphorus and carbon; (d) an overlay of the maps (color scheme: 
red -phosphorus, green - carbon); (e) the corresponding electron energy loss spectrum 
of the sample.
energy-filtered images taken from the composite with 1:1 weight ratio of phosphorus 
and carbon are shown in Figure 5.2a-d. An elastic TEM image (Figure 5.2a) 
demonstrates the shape and morphology of the sample at an appropriate location in the 
specimen with a thickness suitable for the electron energy loss analysis. Detailed 
immediate analysis of the image in terms of the distribution of phosphorus and carbon 
is, however, difficult as the contrast is far from being easy to interpret. The three-
window elemental maps of phosphorus and carbon are therefore taken and are shown 
in Figure 5.2b and 5.2c. They demonstrate an excellent degree of mixing between the 
phosphorus and carbon components, and an overlay of the maps is shown in Figure 
5.2d. The phosphorus and carbon edges are depicted in the corresponding EELS 
spectrum (Figure 5.2e). 
It is further understood that black phosphorus is present in the form of 
nanoparticles. To visualize this, a TEM operator needs to look at the edges of very thin 
sections of the sample. One of such location is presented in Figure 5.3a. Nanoparticles 
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Figure 5.3 Energy-filtered images of a thin edge in the specimen: (a) elastic image; 
(b) P map.
of phosphorus can be resolved at the edges of this specimen in the energy-filtered map 
(Figure 5.3b, some locations are shown with arrows). In addition, a spectrum imaging 
experiment was conducted in the scanning TEM mode, and the results are presented 
in Figure 5.4. A thin location (shown in the survey image 5.4a) was selected for 
spectrum imaging. A dark-field scanning TEM image together with phosphorus and 
carbon maps extracted from the data cube are shown in Figure 5.4 b, 5.4c, and 5.4d. 
The contrast in the phosphorus map is consistent with the presence of nanoparticles of 
1-5 nm in size. The maps are shown in Figure 5.4c and 5.4d are slightly distorted (due 
to the translational errors introduced by STEM scan generators on our microscope 
during slow data acquisition) with respect to the reference dark-field survey image 
(Figure 5.4a); nevertheless, inhomogeneous contrast from phosphorus maps is 
conclusive and consistent with the presence of phosphorus nanoparticles.
The assignment of the phosphorus phase to the orthorhombic black phosphorus 
can be further confirmed by the results of Fourier-transform infrared spectroscopy 
(FTIR) and solid-state nuclear magnetic resonance (NMR). These measurements have 
been previously presented elsewhere [79] and the results are not shown here due to the 
space limitation. 
Chapter 5
74
 
Figure 5.4 STEM-EELS spectrum imaging of a thin area in the specimen (BP-C 1:1): 
(a) survey image; (b) dark-field STEM image of the area of interest; (c, d) P and C 
maps extracted from the data cube.
In brief, a typical FTIR signature of black phosphorus has been observed in the 
ball milled phosphorus powder, and the same chemical shift consistent with the 
orthorhombic local environment of black phosphorus has been measured in the ball 
milled phosphorus and subsequently prepared phosphorus-carbon composites by 
NMR.
5.3.2 Electrochemical characterization
The charge-discharge profiles for the selected cycles of the BP-C 7:3 and BP-C 1:1 
samples are shown in Figure 5.5a and 5.5b, respectively. Impressively, a high 
reversible capacity of 617 mAh g-1 is measured in the first cycle for the P-C 7:3 sample 
(Figure 5.5a), demonstrating that an electrode assembled with phosphorus as an active 
component can reach significant levels of capacity in anodes of potassium-ion 
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batteries. A plateau is recorded in the charge profile of the half-cell at about 0.6-0.7 V 
vs. K/K+, indicating battery-type behavior that may be useful in practical cells. The 
capacity decreases in the following cycles, and the second and 25th cycles are shown 
as well (Figure 5.5a). In accordance with a smaller amount of phosphorus in the 
material, the capacity of the BP-C 1:1 sample is lower (a reversible value of 443 mAh 
g-1 is recorded), and the flat plateau at 0.6-0.7 V is less pronounced. The capacity is 
much more stable for this sample, as it follows from the capacity and shapes of 
galvanostatic charge-discharge profiles in the second and 25th cycles. The first 
potassiation curve in both cells is different from the potassiation curves in the 
subsequent cycles and displays an irreversible hump at ~1.1-0.5 V vs. K/K+. This can 
be tentatively assigned to the formation of solid-electrolyte interphase (SEI) layer in 
the electrode, although the current information about the SEI layers composition and 
formation mechanism in potassium cells is too limited to be more definitive.
Figure 5.5 Electrochemical performances of the phosphorus-carbon electrodes: (a) 
charge-discharge profiles of the BP-C 7:3 sample at a current rate of 50 mA g-1; (b) 
charge-discharge profiles of the BP-C 1:1 sample at the same current rate; (c) cyclic 
stabilities of the two samples; (d) the corresponding Coulombic efficiencies.
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Figure 5.5c compares the cycling stability between BP-C 7:3 and BP-C 1:1 composite 
electrodes at the same current of 50 mA g-1. The BP-C 7:3 electrode experiences 
significant decline in capacity, with only a small amount of capacity (approximately 
30 mAh g-1) remaining after 50 cycles. In contrast, the BP-C 1:1 electrode has 
reasonably stable behavior. Its reversible capacity in the 50th cycle is still 270 mAh g-
1 with a good capacity retention of ~61% with respect to the first cycle.  It is worthwhile 
to take a look at Coulombic efficiencies of these two electrodes (Figure 5.5d). The 
initial Coulombic efficiencies are 67 and 60% for the BP-C 7:3 and BP-C 1:1 
electrodes, respectively. After the first few cycles, Coulombic efficiencies of above 
95% stabilize for the BP-C 1:1 electrode, while the Coulombic efficiencies for the BP-
C 7:3 electrode are much worse, in line with the typical amounts of the capacity decay 
in the cycling stability test for the two electrodes. Notably, no electrolyte additives 
(such as fluoroethylene carbonate (FEC) or vinylene carbonate (VC) [137]) typical for 
the sodium cells were used in this work. This is important if we take into account that 
poor Coulombic efficiency may originate from an unstable SEI layer. In particular, 
Qian et al. [138] have previously demonstrated that an addition of FEC to the 
electrolyte may indeed improve cycling stability of phosphorus-based electrodes in 
sodium cells. However, Komaba et al. [139] have recently indicated that adding FEC 
to the electrolyte is, in fact, detrimental for the cyclic stability of graphitic anodes in 
potassium cells. It is therefore an important point for the future work to verify the role 
of additives in electrolytes for potassium-ion batteries. It is important to note (Figure 
5.6) that the electrode assembled with pure black phosphorus could demonstrate only 
very limited capacity (probably due to its inability to tolerate the volume changes).
Additional experiments included cycling electrodes for a limited number of 
cycles in restricted potential windows (with a lower upper cut-off potential). The 
potential of up to 2V vs. K/K+ is considered too high and out of anode range by some 
experts, and it is worthwhile to evaluate how the electrodes function in a narrower 
potential windows. Therefore, BP-C 1:1 and BP-C 7:3 electrodes were cycled in 1.1-
0.01 and 1.5-0.01 V potential ranges vs. K/K+, and the data are shown in Figure 5.7a-
d.
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Figure 5.6 Charge-discharge profiles of black phosphorus material synthesized by ball 
milling of red phosphorus. The testing current is 10 mA g-1.
Figure 5.7 Preliminary cycling results for sample:  (a-b) BP-C 1:1 in the potential 
window of 1.1 – 0.01 V vs. K/K+; (c-d) BP-C 7:3 in the potential window of 1.5 – 0.01 
V vs. K/K+.
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Table 5.1 Capacities of BP-C 1:1 and 7:3 electrodes cycled in full and restricted 
potential windows.
BP-C 1:1 (0.01-2V) BP-C 1:1 (0.01-1.1V)
Cycle 
number
Discharge
capacity
(mAh g-1)
Charge
capacity
(mAh g-1)
Cycle 
number
Discharge
capacity
(mAh g-1)
Charge
capacity
(mAh g-1)
1 740.1 433.2 1 786.7 353.0
2 502.2 402.2 2 406.5 349.9
10 363.6 354.4 10 363.6 354.4
Reversible capacity stability after 10 
cycle 81%
Reversible capacity stability after 10 
cycle 87%
BP-C 7:3 (0.01-2V) BP-C 7:3 (0.01-1.5V)
Cycle 
number
Discharge
capacity
(mAh g-1)
Charge
capacity
(mAh g-1)
Cycle 
number
Discharge
capacity
(mAh g-1)
Charge
capacity
(mAh g-1)
1 917.6 616.8 1 940.1 466.3
2 649.2 592.5 2 571.1 452.8
6 557.6 525.8 6 458.5 414.9
Reversible capacity stability after 6 
cycles 85%
Reversible capacity stability after 6 
cycles 90%
The values of the capacities in specific cycles are given in Table 5.1 and 
compared with those obtained in a broader potential window of 2-0.01 V vs. K/K+. As 
it follows, the capacity levels are somewhat lower, but the stability of the electrodes 
appears to be better for both compositions in the restricted potential windows.
To probe the differences between BP-C 1:1 and BP-C 7:3 electrodes, CV 
curves were recorded for ten cycles before and after galvanostatic cycling for 30 
cycles. The initial CV curves for BP-C 1:1 and BP-C 7:3 electrodes are shown in 
Figure 5.8a and 5.8c, respectively. It can be seen that changes in the BP-C 1:1 electrode 
are not significant, and similar CV curves are seen in Figure 5.8b after galvanostatic
cycling. In contrast, there are dramatic changes in the shapes of CV curves after 
cycling for the BP-C 7:3 electrode (Figure 5.8d), indicating a capacity loss in such an 
electrode. It is premature at this stage to conclude if the loss of capacity is 
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Figure 5.8 Cyclic voltammetry curves of BP-C 1:1 and 7:3 electrodes before (a, c) and 
after performing 30 discharge-charge cycles (b, d) in the potential range of 2-0.01 V 
vs. K/K+.
associated solely with the mechanical stability of the electrode or development of 
organic-inorganic layers on its surface may contribute as well. Further in-depth studies 
are required to clarify that.
The binary K-P phase diagram [140] provides insight into thermodynamically 
stable K-P phases and may suggest possible products of electrochemical alloying of 
phosphorus with potassium. According to this reference, potassium and phosphorous 
may adopt a range of alloys (K3P, K4P3, KP, K4P6, K3P7, K3P11, KP15) during their
alloying reaction. In order to establish the electrochemical mechanism in the 
phosphorus electrode experimentally, XRD analysis was conducted on the BP-C 1:1 
electrodes after cycling and the XRD patterns are displayed in Figure 5.9. It can be 
seen that after first discharge to 0.01V vs. K/K+, a family of peaks consistent with a 
KP phase (JCPDS no. 04-004-2804) observed. After the first charge of the cell back 
to 2.0V vs K/K+, the XRD pattern confirms the absence of the KP phase, which 
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indicating a reversible de-alloying process. An XRD pattern of a pristine BP-C 1:1 
electrode is also shown in the inset of Figure 5.9.
The observed final phase of the alloying process is clearly different from those 
in the lithium and sodium half-cells cells, which indicates a different alloying process 
in the potassium cells, an important practical implication. The alloying products in 
identical electrodes in lithium and sodium cells have been previously assessed [79].
The Li3P alloy was identified in the electrodes extracted from lithium cells, in line 
with previous observations [124, 125, 141]. It has been observed that Na3P phase 
coexists with an unknown additional phase in the electrodes extracted from the sodium 
cells [79]. The reversible capacities as high as 1700 and 1300 mAh g-1 have been 
measured in these lithium and sodium half-cells, respectively. These are reasonable 
values for a phosphorus-carbon composite, taking into account a theoretical capacity 
of 2596 mAh g-1 for the formation of a Li3P/Na3P alloy and a small capacity in the 
carbon component of the composite. Based on the detected KP-type alloy phase for 
the phosphorus electrode here, a theoretical capacity of 843 mAh g-1 is proposed for 
phosphorus in potassium cells. Considering that capacity of ball milled graphite is 
about 150 mAhg-1 (experimentally evaluated in our previous work) [142], there is a 
good match between the expected capacity (on the basis of P + K+ + e- ļ 3.
mechanism in the phosphorus
Figure 5.9 XRD pattern of the BP-C 1:1 electrode after the first discharge and first 
charge. An XRD pattern for the pristine electrode is given in the inset (the difference 
in the background is due to a lack of Kapton tape used for the protection of cycled 
electrodes). 
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component) and the capacity observed in the experiment. For example, the reversible 
capacity expected for the BP-C 7:3 electrode is 635 mAhg-1 while a similar value of 
617 mAhg-1 was indeed measured in an experiment. For the BP-C 1:1 electrode the 
expected and experimentally measured values are close as well, 496 and 443 mAhg-1,
respectively.
It may be possible to further optimize phosphorus electrodes to achieve a 
capacity close to the theoretical value. A decrease of the carbon content in the electrode 
or its total elimination is required for this task. One of the possible steps towards this 
goal is to use more perfect black phosphorus with better crystallinity. Instead of ball 
milling procedure adopted here, a high-temperature high-pressure (HTHP) method of 
synthesizing crystalline black phosphorus in a cubic anvil high-pressure apparatus can 
be used to yield the materials with better structural perfection. Sun et al. [125] have 
studied various sample prepared in this manner and optimized the pressure and 
temperature to yield improved cycling stability in lithium-ion batteries. The same 
method can be applied to prepare anode materials for potassium-ion batteries and 
investigate the influence of the structural perfection of the anode performance.
The presence of the final alloying phase in the form of a KP alloy makes good 
cycling stability possible for a phosphorus-based electrode in potassium-ion batteries. 
It is widely reported that phosphorus-based electrodes fail in the lithium and sodium 
cells due to dramatic volume changes occurring in the course of the reversible 
formation of Li3P and Na3P phases [79, 124]. Mechanical rupture of the electrodes 
has been observed in the cycled electrodes. However, if a potential range is restricted 
with the aim to reduce the final alloying phase to LiP or NaP [79, 124], stable cycling 
stability has been observed. The reversible reactivity of phosphorus with potassium 
naturally occurs up to the KP phase only, and a thus a more stable cycling performance 
is expected in potassium cells than that of high capacity phosphorus-based electrodes 
in lithium or sodium cells. Future experimental work is required to optimize the 
electrolytes that would allow stable cycling of phosphorus-based electrodes and 
confirm or rule out the mechanical integrity of the electrodes cycled under various test 
variations.
The proposed theoretical capacity of the phosphorus electrodes is very 
significant (843 mAh g-1) and is superior to other potassium-ion battery anode 
candidates such as graphite (270 mAh g-1 [68]), Sn (226 mAh g-1, assuming the 
formation of a KSn alloy [142]) and Sb (660 mAh g-1, assuming the formation of a 
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Figure 5.10 Rate capability tests for the BP-C 1:1 electrodes: (a, b) standard test (the 
potassiation and depotassiation steps are conducted at the same current), (b, c) slow 
potassiation test (the potassiation is conducted at a fixed current of 10 mA g-1 while 
the current for the depotassiation step is progressively increased).
K3Sb alloy [76]). As a result, phosphorus appears to be the highest theoretical capacity 
anode material reported so far for potassium anodes. Together with the previous 
example of Sb [76], phosphorus electrochemistry with potassium validates the 
feasibility of alloying anodes with high gravimetric capacity, similar to those in 
lithium-ion and sodium-ion cells.
The results of rate capability tests for the BP-C 1:1 electrodes are shown in 
Figure 5.10. At the standard conditions of identical currents used for both charging 
and discharging, the electrode demonstrates reasonable rate capability, the original 
capacity of slightly above 400 mAh g-1 (measured at a current rate of 25 mA g-1)
gradually decreases with the increase in the current value and a capacity of circa. 120 
mAh g-1 is measured at the final current of 500 mA g-1. At the same time, much more 
attractive ability to tolerate high currents of depotassiation (i.e., the currents of
discharge in a full cell) is observed when potassiation is conducted at a fixed slow 
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current rate of 10 mA g-1. The depotassiation capacity is still above 300 mAh g-1
(higher than the capacity of graphite in potassium cells) even at a current of 2 A g-1.
This behavior of the BP-C electrodes is quite similar to that of phosphorus-carbon 
electrodes in sodium cells [138] and suggests that these electrodes may be useful in 
full cells in which quick discharge (a high power density) is desired.
5.4 Conclusion
High capacity anodes for potassium-ion batteries based on black phosphorus as an 
active component are demonstrated. A high capacity of ~600 mAh g-1, exceeding the 
capacity of graphite by more than twice, is measured. The analysis of the potassiation 
products in the electrodes suggests that the mechanism in the electrodes is an 
electrochemical alloying of phosphorus with potassium to form a KP alloy. Such a 
mechanism implies a theoretical capacity of 843 mAh g-1 for phosphorus. Quick 
depotassiation can be obtained in the phosphorus-carbon electrodes, and 
depotassiation capacity of above 300 mAh g-1 (higher than the capacity of graphite in 
potassium cells) is observed at a current rate of 2 A g-1. This study confirms that high 
capacity anode materials similar to the alloying-dealloying anodes in lithium-ion and 
sodium-ion batteries are also feasible in the potassium-ion cells.
The results presented in this chapter have been published in
Sultana, I.; Rahman, M. M.; Ramireddy, T.; Chen, Y.; Glushenkov, A. M. High 
capacity potassium-ion battery anodes based on black phosphorus. Journal of 
Materials Chemistry A 2017. DOI: 10.1039/C7TA02483E.
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Chapter 6
The effects of composition, electrolyte additive 
and binder on the performance of antimony-
carbon composites for potassium-ion batteries
6.1 Introduction
For quite some time antimony (Sb) has been considered to be a promising alloy anode 
for high energy density lithium-ion and sodium-ion batteries because of its high 
theoretical capacity of 660 mAh g-1 and a combination of battery-type potential 
plateaus in the charge-discharge profiles. This high capacity originates from a redox 
mechanism that involves the formation of Li3Sb and Na3Sb alloys as the end products 
in lithium and sodium cells, respectively [78, 143,144]. In contrast to other materials 
that alloy and de-alloy with alkali elements, Sb experiences relatively small volume 
expansion and contraction during repeated cycling. Hence, Sb seems to be the material 
with the best cycling stability. A number of strategies have been considered to tackle 
this volume variation issue including using intermetallic alloys of Sb with other 
elements, nanosizing particles, using thin film electrodes and incorporating a suitable 
amount of nanosized Sb in a carbon component [75, 136, 143, 145]. The last strategy 
of dispersing Sb nanoparticles in an appropriate carbon host has been very successful, 
and stable cyclic behaviour has been reported for Sb-C composite electrodes in both 
lithium and sodium half-cells [136, 145].
An antimony-carbon anode for potassium-ion batteries has been first reported 
by McCulloch et al. [76]. The electrodes assembled with the Sb-C composite have 
been tested in a two-terminal coin cell configuration vs. potassium metal using 1.0 M 
KPF6 in propylene carbonate (PC) - ethylene carbonate (EC) 1:1 (w/w) as an 
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electrolyte [76]. A high capacity including an irreversible component of ~230 mAh g-
1 has been recorded in the first discharge of the half-cell, and the capacity of ca. 600 
mAhg-1 has been obtained on the charge of the half-cell in the first ten initial cycles. It 
is important to note that the currents and capacities in the measurements have been 
calculated per mass of antimony, and the contribution of the carbon component has 
not been evaluated. A final alloy phase of K3Sb (i.e., a reaction mechanism similar to 
those known in lithium and sodium cell for Sb) has been proposed on the basis of the 
level of capacity obtained. Quick capacity fading within just a few cycles have been 
observed with bulk Sb electrodes, which can be attributed to the inability of large Sb 
particles to tolerate volume expansion during cycling. In an attempt to improve the 
cyclic stability of the Sb-C composite electrodes (which otherwise display a stable 
capacity for only ten cycles), restricted cycling (by limiting the capacity of the Sb-C
material to 250 mAh g-1) has been conducted. A stable cyclic performance (a consistent 
capacity of 250 mAh g-1 with the accompanying Columbic efficiency of 98%) has been 
observed for 50 cycles, and the drop in capacity has been detected afterwards. 
McCulloch et al. [76] have suggested that the drop in capacity is linked to a mechanical 
phenomenon, i.e., mechanical disintegration and loss of structural integrity in the 
electrodes. However, it is important to note that the capacity decay may also be 
associated with the development of polymeric layers on the electrodes that interfere 
with normal operation of the anode materials. This is known to happen for some of the 
anode materials in lithium cells, e.g., Si [111, 143, 146] and should be investigated 
further as a possible failure mechanism in Sb-based electrodes in potassium cells.
Inspired by this work, in this chapter, I have conducted further investigation on 
the influence of the weight ratio of components in the Sb-C composites on the 
electrochemical performance in potassium cells. A previous study has been conducted 
by Ramireddy et al. [136] on the influence of these parameters in sodium cells. The 
original intention in this previous work has been to vary the carbon content in the Sb-
C composites prepared by ball milling but it has been further discovered that a particle 
size of Sb can be controlled in the composites as well in the range between 50 nm and 
~1 nm by varying the Sb:C weight ratio between 9:1 and 1:1. This series of samples 
represents an excellent model system to study size and composition effects in Sb-C
electrodes. Here, I prepared three Sb-C composites with Sb:C weight ratios of 9:1, 7:3 
and 1:1 by mechanical milling in the same magneto-ball mill used prior [136]. Sb 
particles with varied sizes are obtained in the composites because of the milling of 
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different mixtures with varied weight ratios of Sb and C. The influences of binders and 
fluoroethylene carbonate as an electrolyte additive are also investigated in this work. 
It is found that the particle size, binder have a significant effect on the cycling stability 
of the electrodes in potassium cells. 
6.2 Experimental
The antimony powder (325 mesh, 99.5% purity) used in this work as a primary
material was purchased from Johnson Matthey Electronics. The antimony powder was 
mixed with a graphite powder (Sigma Aldrich, 282863, <20 mm). The total amount of 
the mixture was 5g while the weight ratio of antimony-carbon was varied and three 
compositions, 9:1, 7:3 and 1:1, were evaluated. Each mixture was milled in a stainless 
still jar using a magneto ball mill with four stainless steel balls (25.4 mm in 
diameter).The jar was filled with argon gas with an extra pressure of 100 kPa. The 
milling was carried out in the presence of an external magnet located at the bottom of 
the mill at the 135o position in relation to the vertical direction with a rotation speed 
of 160 rpm. All the sample mixtures were milled for a constant period of 100hr. The 
milled product was removed from the ball milling jar in an inert Ar atmosphere.
These synthesized Sb-C composites were characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM).
To test the electrochemical performance, Sb-C (9:1, 7:3 and 1:1) composites
were mixed with super P LiTM carbon black (Timcal Ltd.) and a sodium carboxymethyl 
cellulose (CMC) binder with a weight ratio of 80:10:10 in de-ionized water. To prepare 
another batch of battery electrodes for comparison purposes, Sb-C (9:1, 7:3 and 1:1) 
composite samples were mixed with Super P LiTM carbon black and a binder, gum 
arabic acacia (Sigma-G 9752), in a weight ratio of 80: 10: 10 in a solvent (distilled 
water). The resulting slurries were uniformly pasted onto copper foil substrates and 
then carefully dried at 90oC for 24 h in a vacuum oven. The electrodes were then 
pressed using a stainless steel metal disc to enhance the contact between the active 
materials and the Cu foil. The electrodes were cut to square shapes with the size of 
1×1 cm2. The loading on the foil was approximately 1-1.3 mg cm-2. CR 2032 coin-
type half-cells were assembled in an Ar filled glove box (Innovative Technology, 
USA). K metal was used as a counter/reference electrode and Whatman Glass 
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Microfiber Filter (Grade GF/F) as a separator. The electrolyte was 0.75M KPF6 in a 
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a volume ratio 
of 1:1. The same electrolyte with 3 vol % of fluoroethylene carbonate (FEC) was also 
used in a comparative test. Galvanostatic discharge-charge test was carried out at a 
suitable current rate in the potential range of 0.01-2V vs. K/K+ using a computer 
controlled LAND battery system (Wuhan LAND Electronics, Ltd, China). The 
calculated capacity was based on the mass of active materials. Cyclic voltammograms 
(CV) were recorded using Ivium-n-stat electrochemical analyser (Ivium Technologies, 
the Netherlands) at a scan rate of 0.5 mV s-1.
In order to compare the changes in Sb-C (9:1, 7:3 and 1:1) electrodes after 
cycling, CV analysis was conducted before and after cycling in a potential window of 
0.01-2 V vs. K/K+. Additionally, to analyse the cell performance with different 
composition of electrodes (Sb-C (9:1, 7:3 and 1:1)), EIS was performed on the cells 
before and after cycling. This experiment was done over the frequency range of 100 
kHz to 0.01 Hz using an Ivium-n-Stat computer-controlled electrochemical analyser 
(Ivium Technologies, The Netherlands) with an amplitude of the AC signal of 5 mV 
s-1 at 2 V vs. K/K+ potential. 
For ex-situ measurements, the cycled electrochemical cells were disassembled 
in an Ar-filled glove box, and the electrodes were taken out and washed with DEC to 
remove the residual electrolyte. SEM analysis was carried out to analyse the surface 
morphology of the cycled electrodes (Sb-C 9:1). Additionally, Sb-C 9:1 electrode 
rested in the potassium half-cell for 10 days without cycling, and then the electrode 
was taken out, and SEM images were collected. With the aim of comparing the 
changes in the cells, electrochemical performance with different binders (CMC and 
gum arabic acacia binder.) effect on Sb-C 9:1 electrodes was also conducted within 
the restricted potential window. The cells were galvanostaticlly discharged-charged 
between 0.01-1.2V vs. K/K+ using the same instrument. 
6.3 Results and discussion
6.3.1 Physical and structural characterization
The XRD data were collected to study the purity and crystal structure of commercial 
Sb powder, and corresponding composites of Sb-C (9:1, 7:3 and 1:1), and the patterns
are shown in Figure 6.1a. The diffraction pattern of pure Sb is well indexed in 
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accordance with the rhombohedral phase of Sb [JCPDS no. 04-008-0176, space group 
R -3m (no. 166)]. The diffraction pattern of Sb exhibits well-defined narrow peaks
Figure 6.1 X-ray diffraction patterns of Sb (commercial powder) and Sb-C
nanocomposites (9:1, 7:3 and 1:1) (a); crystallite sizes of Sb in the composites with 
different component ratios (b).
with high intensity, demonstrating high crystallinity of the coarse Sb. In contrast, a 
significant variation is observed in the XRD patterns of the composite samples. 
Composite samples show peak broadening with an increase in the amount of carbon 
in the composite, indicating that crystallite size of Sb decreases when the carbon 
content in the composite increases. Hence, the Sb-C 1:1 composite with high carbon 
content shows extremely broadened peaks in the XRD pattern, which is assigned to 
the amorphization of the Sb crystals and the decrease in Sb particle size. On the other 
hand, graphitic peaks are absent in all of the composites because of the disappearance 
of long range ordering in the graphitic structure during ball milling. Scherer equation 
is used to estimate the crystallite size of Sb particles in the respective composites. It 
can be seen from the Figure 6.1b that the crystallite size of Sb decreases with an 
increase in carbon content (or, accordingly, a decrease in Sb content) in the 
composites. The average crystallite sizes of Sb were measured to be 51 nm for Sb-C
9:1, 16 nm for Sb-C 7:3, and 1 nm for Sb-C 1:1, respectively. Compared to the other 
two composites, a drastic crystallite size reduction of Sb is observed in the Sb-C 1:1 
composite. As the crystallite size of Sb is reduced to extremely nanoscale, therefore, 
peak intensity of Sb no longer exists in the XRD pattern. It can be realized that the 
decrease of Sb content in the composite mixture increases the total volume of the 
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powder mixture loaded into a milling jar. Since the mixture powder is milled by 
magneto ball mill with WKHPDJQHWSRVLWLRQDWÛPRUHLPSDFWIRUFHLVH[HUWHGRQ
Figure 6.2 SEM images of the Sb-C 9:1 (a), Sb-C 7:3 (b) and Sb-C 1:1 (c) powder 
samples. 
the powder (due to the high volume) rather than the shearing force. This leads to a 
decrease in the particle size with an increase in the graphite content in the composite.
Scanning electron microscopy investigation of the powder samples is shown in 
Figure 6.2. The SEM images of powder samples show that all three composites are 
composed of a wide range of densely agglomerated secondary particles with different 
shapes and sizes. More obvious agglomerated clutters are clearly seen in the Sb-C 9:1 
composite sample (Figure 6.2a), which may be due to a low carbon content and a high 
concentration of the Sb component in the sample. Overall, most agglomerated clusters 
are a few micrometres in size for all samples. From SEM images, however, it is very 
difficult to reveal the distribution of carbon and Sb in their respective composites.
Figure 6.3 shows the TEM investigation of the samples. TEM bright-field 
imaging and corresponding SAED patterns are shown in the Figure 6.3a and 6.3b for 
the Sb-C 9:1 composite; Figure 6.3c and 6.3d present the same information for the Sb-
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C 7:3 composite; and Figure 6.3e and 6.3f shows that for the Sb-C 1:1 powder sample, 
respectively. Bright-field TEM images of the samples reveal that all samples consist 
of agglomerated clusters as shown in Figure 6.3a, 6.3c, and 6.3e. It is obvious from 
Figure 6.3a that more densely compact agglomerated clusters are seen in the Sb-C 9:1 
composite with a low carbon content and a high content of Sb. Clusters are composed 
of mostly Sb particles (darker contrast) with a small amount of graphite (grey contrast). 
This observation is quite consistent with the corresponding SAED pattern (Figure 
6.3b) as well as XRD pattern (Figure 6.1a). The SAED pattern (Figure 6.3b) 
demonstrates a significant number of rings with bright diffraction spots which are 
scattered from Sb crystals. Therefore, well-defined narrow peaks are clearly observed 
in the XRD pattern, indicating a high crystallinity of the Sb particles in the composite 
Sb-C 9:1 sample. In contrast, a more homogeneous distribution of graphite and Sb is 
observed in the other two composites. Bright-field images of the Sb-C 7:3 
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Figure 6.3 TEM investigation of the composite samples: bright-filed images (a, c, e) 
and SAED patterns (b, d, f) of the Sb-C 9:1; Sb-C 7:3; and Sb-C 1:1 powder samples.  
and Sb-C 1:1 samples indicate that samples consist of spreaded clusters of graphite 
(grey contrast) decorated with aggregates of nanoscale particles of Sb (darker contrast) 
(Figure 6.3c and 6.3e). However, the crystallinity of the Sb particles is decreasing with 
an increase in carbon content in the composite samples as evidenced by their 
corresponding SAED patterns. As can be seen from Figure 6.3d that most spotty 
diffraction rings of Sb particles are not so pronounced in the Sb-C 7:3 composite, and 
the spotty rings are not visible in the SAED pattern for the Sb-C 1:1 composite (Figure 
6.3f), indicating an amorphous or extremely nanocrystalline nature of the Sb-C 1:1 
composite, which is in a good agreement with the XRD pattern (Figure 6.1a).
6.3.2 Electrochemical characterization
The cycling performances of the Sb-C 9:1; Sb-C 7:3; and Sb-C 1:1 electrodes in 
potassium half-cells are depicted in Figure 6.4.  Figure 6.4a, 6.4c, and 6.4e show the 
cycling stability of the electrodes at a current density of 50 mA g-1 within the potential 
range of 0.01-2.0V vs. K/K+. All electrodes deliver high first discharge/charge 
capacities of 759.5/542.9 mAh g-1 for Sb-C 9:1, 705.5/493.7 mAh g-1 for Sb-C 7:3 and 
433.2/249 mAh g-1 for Sb-C 1:1 electrodes, respectively. Even though all electrodes 
show reasonable initial capacities, none of them can survive for a long number of 
cycles. The Sb-C 1:1 electrode exhibits a stable capacity up to 35 cycles with a capacity 
retention of 358 mAh g-1; however, a capacity decay is observed after 35 cycles and 
capacity goes down to 0 after 70 cycles (Figure 6.4e). In contrast, a more abrupt 
capacity decay is observed in both Sb-C 9:1 and Sb-C 7:3 electrodes. Both Sb-C 9:1 
and Sb-C 7:3 electrodes are capable of surviving only limited cycles followed by a 
sharp, sudden drop of capacity and goes down to 0  mAh g-1 after 70 cycles (Figure 
6.4a and 6.4c). The corresponding charge/discharge potential profiles for the selected 
cycles of the electrodes are shown in Figure 6.4b, 6.4d and 6.4f. The charge/discharge 
profiles relate to the potassium alloying/de-alloying process passing through various 
stages of potassiation/de-potassiation. The first potassiation curve of all electrodes is 
different from the subsequent cycles, indicating an irreversible feature which could be 
assigned to the formation of solid electrolyte interphase (SEI) layer in the electrode. 
In the subsequent cycles, however, clear plateaus are observed in the discharge/charge 
curves for the Sb-C 9:1 electrode (Figure 6.4b), whereas the plateaus are less 
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pronounced for the Sb-C 7:3 (Figure 6.4d) and Sb-C 1:1 (Figure 6.4f) electrodes. This 
observation indicates that most of the capacity contribution in the Sb-C 9:1 electrode 
with a high amount of Sb comes from the crystalline Sb component. Due to the 
crystalline nature of the sample, a clear typical plateau for Sb is observed. On the other 
hand, sloppy plateaus are seen in the Sb-C 7:3 and Sb-C 1:1 electrodes because of the 
composite nature of the samples where capacity contribution originates from Sb and 
milled carbon.
Figure 6.4 Cycling stability and corresponding discharge/charge potential profiles of 
the Sb-C 9:1, Sb-C 7:3, and Sb-C 1:1 electrodes within the potential range of 0.01-
2.0V at a current density of 50 mA g-1.
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Figure 6.5 Cyclic voltammograms (CV curves) at a scan rate of 0.5 mV s-1 for : (a-c) 
fresh cells with Sb-C 9:1 electrodes without cycling and cells after six and 15 
galvanostatic discharge-charge cycles; (d-f) fresh cell with Sb-C 7:3 electrodes 
without cycling and cells after 20 and 40 galvanostatic discharge-charge cycles of the 
Sb-C 7:3 electrodes; (g-i) fresh cell without cycling with Sb-C 1:1 electrodes and cells 
after 40 and 60 galvanostatic discharge-charge cycles.
Cyclic voltammetry (CV) experiments have been conducted to demonstrate the 
differences among Sb-C 9:1, Sb-C 7:3 and Sb-C 1:1 electrodes at a scan rate of 0.25 
mV s-1 in potassium half-cells (Figure 6.5a-i). The potential plateaus are observed in 
discharge - charge curves of Sb-C 9:1, Sb-C 7:3, and Sb-C 1:1 electrodes are 
consistence with the CV curves of the fresh cell without cycling shown in Figure 6.5, 
6.5d and 6.5g, respectively. However, there are significant changes observed in the 
shape of the CV curves after a certain number of cycles. From Figure 6.5b and 6.5c it 
can be seen that the reaction is still observed after six discharge - charge cycles; 
however, no reaction is observed for Sb-C 9:1 electrodes after 15 discharge - charge 
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cycles. These results indicate a huge capacity loss after a certain number of cycles, 
leading to no redox activity in the electrodes. The same phenomenon is observed in 
the case of Sb-C 7:3 (Figure 6.5e and 6.5f) and Sb-C 1:1 (Figure 6.5h and 6.5i)  
composite electrodes. This dramatic capacity loss may be due to a huge volume 
expansion or may be a consequence of the formation of organic or inorganic layers on 
the surface of the electrodes.
In order to understand more about this failure behaviour, electrochemical 
impedance spectroscopy measurements have been performed on the cells containing 
Sb-C 9:1, Sb-C 7:3 and Sb-C 1:1 electrodes after a different number of cycles, as 
shown in Figure 6.6a-c. The semicircle in the medium frequency range is related to 
charge transfer resistance (Rct) at the electrolyte and electrode interfaces. The Rct
values of the electrodes have been depicted from the Nyquist plots using the equivalent 
circuit shown in the inset of the Figure 6.6a-c. In the equivalent circuit, Rs and CEP 
Figure 6.6 EIS measurements of the potassium half-cells (equivalent circuit used as 
inset to interpret the results): (a) cells with Sb-C 9:1 electrodes after six and 20 
galvanostatic discharge-charge cycles; (b) cells with Sb-C 7:3 electrodes after 20 and 
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40 galvanostatic discharge-charge cycles; (c) cells with Sb-C 1:1 electrodes after 40 
and 60 galvanostatic discharge-charge cycles.
Table 6.1 Rct value of the Sb-C 9:1, Sb-C 7:3 and Sb-C 1:1 electrodes after specific 
cycle number.
Sample Rct
ȍ
Sb-C 9:1 after 6th cycle 994
Sb-C 9:1 after 20th cycle 7515
Sb-C 7:3 after 20th cycle 1854
Sb-C 7:3 after 40th cycle 4000
Sb-C 1:1 after 40th cycle 1782
Sb-C 1:1 after 60th cycle 3490
represent ohmic resistance and constant phase-angle element involving double layer 
capacitance, respectively. Charge transfer resistance (Rct) values are mainly focused 
on this measurement. Table 6.1 shows a comparison of charge transfer resistance (Rct)
values calculated for the Sb-C electrodes with different compositions and different 
cycle numbers. The Rct value for the Sb-C 9:1 electrode after 6 galvanostatic 
discharge-charge cycles were calculated to be 994 ȍ which provides easier charge 
transfer at the electrolyte and electrode interfaces, resulting in a decrease overall 
internal resistance (Figure 6.6a). However, after 20 galvanostatic discharge-charge 
cycles the Rct YDOXHLQFUHDVHGDORWIURPȍWR ȍ7KLVKXJHFKDUJHWUDQVIHU
resistance demonstrates that there is a very little or no ion transfer occurred between 
electrode and electrolyte (Figure 6.6a). The Rct values for Sb-C 7:3 and Sb-C 1:1 
electrodes have also been evaluated and show similar behavior after specific cycle 
number, in the EIS measurements (Figure 6.6b and 6.6c). These results are also 
consistent with the outcomes of the galvanostatic discharge - charge and CV analyses.
It follows that all electrode compositions show similar behaviors after a certain 
number of cycles, although the number of cycles prior to the capacity drop varies and 
increases with the decrease of Sb size in the composite. To examine the surface 
morphology of the Sb-C 9:1 electrodes, SEM analysis (Figure 6.7 a-c) was carried out  
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on the electrodes before and after cycling for a different number of cycles, and digital 
photographs of the separators before and after cycling (Figure 6.7 d-e) were captured 
as well. In order to confirm that the structure of an electrode is stable in the absence of 
electrochemical cycling, a coin cell was prepared and rested for 10 days without 
cycling. After breaking the cell, it can be seen that the morphology of the electrode is 
same as the fresh electrode (Figure 6.7a) and there is no residue on the separator 
(Figure 6.7d).Furthermore, the surface of the electrode after the 6th cycle shows minor 
cracks (Figure 6.7b) and there is some residue left on the separator (Figure 6.7e). These
results demonstrate that volume expansion starts upon cycling and causes a significant 
change in the integrity of the electrode. Large cracks in the electrodes and a significant 
amount of active electrode material remaining on the separator were observed for the 
cell components extracted after the 20th discharge-charge cycle (Figure 6.7c). These
results indicate that a huge volume expansion, disconnection of active materials from 
their current collector occur in the cell as it operates, causing the cell to fail eventually.
Figure 6.7 Changes in the appearance of Sb-C 9:1 electrodes and separators extracted 
from the same cells; (a-c) SEM images of the electrodes extracted from a coin cell kept 
without cycling for 10 days (a fresh electrode is shown in the inset), after the 6th and 
20th galvanostatic discharge-charge cycles; (d-e) digital photographs of the separators 
extracted from the same cells.
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Figure 6.8 Cycling stability and the corresponding discharge/charge potential 
profiles of a Sb-C 9:1 electrode recorded within the potential range of 0.01-2.0V at a 
current density of 50 mA g-1 after the addition of fluoroethylene carbonate (3 vol.%) 
to the electrolyte. 
Fluoroethylene carbonate (FEC) additive has been identified as a beneficial 
additive for standard sodium-ion battery electrolytes due to its ability to improve the 
cycling stability of electrodes [138]. In my experiment, I have added 3 vol.% FEC to 
my standard electrolyte (0.75M KPF6 in a mixture of EC and DEC 1:1) for potassium 
cells. From the cycling stability and the corresponding discharge/charge potential 
profiles of Sb-C 9:1 electrodes (Figure 6.8a and 6.8b), it can be seen that the cycling 
stability is poorer than that in the standard electrolyte. These results indicate that the 
addition of FEC in the electrolyte for this type of electrode materials does not improve 
the cycling stability. This conclusion is consistent with the idea that mechanical 
instability of the electrodes is a dominating failure mechanism. As expected, an 
electrolyte additive that affects surface layers on the electrodes but not their 
mechanical integrity does not improve the cycling stability.
Instead, appropriate binders should be considered as a potential solution. 
Indeed, choosing a proper binder is another important factor to enhance the mechanical 
properties of the electrodes which may improve the cycling stability. Recently, Ling 
et al. have used gum arabic acacia binder in silicon-based anodes that exhibit an 
excellent cycling stability with an outstanding capacity in lithium-ion batteries [147]. 
This binder is composed of a polysaccharide and glycoproteins which increase the 
binding force and improve the mechanical properties including the tolerance to volume 
expansion. Therefore, to enhance the cycling stability of the Sb-C 9:1 electrodes, I
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Figure 6.9 Electrochemical evaluation of Sb-C 9:1 electrodes: (a, b) cycling stability 
and corresponding discharge/charge potential profiles within a potential range of 0.01-
1.2V with CMC binder; (c, d) cycling stability and corresponding discharge/charge 
potential profiles within a potential range of 0.01-1.2V with gum arabic acacia binder;
(e, f) SEM image of the electrode with gum arabic acacia binder and digital photograph 
of the separator after 50 galvanostatic discharge-charge cycles.
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attempted to use gum arabic acacia binder to prepare the Sb-C 9:1 composite 
electrodes. Figure 6.9 c,d shows the cycling stability and corresponding discharge-
charge profiles of the electrodes at a current density of 50 mA g-1 within the potential 
range of 0.01-1.2 V. The initial capacity of the electrode (Figure 6.9 c) is almost the 
same as that of the electrode with CMC binder (Figure 6.9 a, b). However, the exact 
appearance of the electrode failure upon further cycling is obvious between two 
binders. When CMC is used as a binder, a sudden drop in capacity is observed after 
15 cycles (Figure 6.9a). Instead, a slow monotonous capacity drop is observed for the 
electrode with gum arabic acacia binder (Figure 6.9c). This observation indicates that 
gum arabic acacia binder is partially capable of tolerating stress of volume expansion 
during cycling. Figure 6.9 e shows the SEM images of the electrode after 50 cycles of 
discharge-charge. It can be seen that there are some cracks in the electrode and there 
is some residue left on the separator (Figure 6.9f), too. These results demonstrate that 
volume expansion is still happening; however, the character of the capacity decay 
depends on the binder used.
6.4 Conclusion
In this chapter, the electrochemical performances of different compositions of Sb-C
(9:1, 7:3 and 1:1) composites are investigated and compared in potassium-ion cells. In 
general, the cycling stability of Sb-C electrodes improves with a decrease in the Sb 
particle size. The Sb-C 1:1 material shows the best cycling performance among the 
three electrodes. Nevertheless, all electrodes experience significant capacity losses 
after a certain number of cycles. In order to counter this phenomenon in Sb-C
electrodes, special approaches need to be developed. Such approaches may include 
using appropriate electrolyte additives and binders. I have evaluated FEC as a possible 
electrolyte additive. However, it is unable to improve the performance of the electrode. 
Replacing binders in the electrodes has an interesting effect on the cyclic stability of 
the Sb-C electrodes. When gum arabic acacia binder is used, a sudden capacity drop 
(typical for the electrodes with CMC binders) is no longer observed. Instead, a gradual 
capacity decay is observed. Further research is necessary to stabilize the cycling 
stability of the Sb-based electrodes, and the optimization of binders may be a 
promising avenue.
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Chapter 7
Summary and future work
Potassium-ion batteries are a new emerging type of electrochemical energy storage 
systems. An important aspect of their development at this stage is the identification of 
suitable anodes and cathode materials. The research described in this thesis was 
focused on identifying and analyzing suitable anode materials. Prospective anode 
materials that may alloy reversibly with potassium were investigated. Four types of 
composite materials in the form of Sn-C, Si-graphene, black P-C and Sb-C were 
evaluated in this thesis. Mechanical ball milling method was used to synthesize most 
of these composite materials while a sample of Si-graphene was purchased from a 
commercial supplier. The ability to allot with potassium, capacity levels, and reaction 
mechanisms were analyzed on the basis of obtained experimental data. Further, the 
influence of an electrolyte additive and binders on the behaviour of Sb-C composite 
was explored.
The electrochemical experiments demonstrate that Sn-C composite can deliver 
a reversible capacity of 150 mAh g-1 within a potential range of 0.01-2V vs. K/K+.
This was an exciting early result as it demonstrates that alloying is possible at least in 
one of the candidate materials. However, the capacity decreases from the initial levels 
and reaches the value of approximately 110 mAh g-1 after 30 cycles. Similar to the 
situation in lithium and sodium cells, the electrode assembled with coarse Sn shows 
only a negligible capacity in a potassium cell as well, suggesting that composites of 
Sn with carbon are required. It was also important to estimate the contribution of the 
carbon component in the Sn-C electrode because it is electrochemically active. The 
experimental results show that the carbon-only electrode delivered capacity at a similar 
level with that of a composite but slightly lower. That means that the capacity of Sn is 
about 150-200 mAh g-1, indicating that a mechanism to form KSn alloy 
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electrochemically may be in operation. This has been recently confirmed by 
independent studies [148, 149]. The XRD pattern of an electrode discharged to 0.01 V 
vs. K/K+ demonstrates the formation of tin alloys of a certain kind. Although it was 
not possible to comprehensively index the pattern, some major peaks coincide with the 
expected peaks of a K4Sn23 phase and K2Sn5 phase. However, it is likely that not the 
final phase of the alloying process is detected in this experiment but reaction 
intermediates instead. De-alloying is confirmed by the analysis of the XRD pattern of 
the electrode extracted from a cell charged back to 2 V vs. K/K+ as tin diffraction peaks 
re-appear in the pattern. The experimental evidence suggests that Sn is capable of 
alloying and de-alloying with potassium in a reversible manner. This initial study 
formed the base for the following studies on the possiblility of using other alloying 
materials in potassium-ion batteries. 
A known type of high capacity alloying materilas for lithium-ion batteries is 
Si and its composites. Prior to the research presented here, Si has not yet been studied 
as an anode material for potassium-ion batteries. If it could also alloy with potassium 
(in a similar fashion to how it alloys with lithium), the whole anode chemistry of 
lithium-ion batteries would be directly transferable to potassium-ion systems, making
the transition to the implementation of these new batteries easier. However, the data I 
obtained imply that Si is inactive towards alloying with potassium. Although a Si-
graphene composite delivers a reversible capacity of 130 mAh g-1 in the first cycle and 
100 mAh g-1 in the 50th cycle within  a potential range of 0.01-2.0V vs. K/K+, the 
capacity originates from storing potassium in the graphene component. Indeed, pure 
graphene is able to display a reversble capacity of 120-200 mAh g-1 over the first 50 
cycles while the capacity of the pure Sn electrode is negligible. It follows that graphene 
is the main capacity contributor. It can be seen from the XRD analysis that there is no 
evidence of alloying of silicon and potassium during cell operation. In line with that, 
ex-situ SEM characterization reveals that there are no visible stuctural changes in the 
electrodes after 50 cycles, indicating that the electrochemical process has no effect on 
the mechanical integrity of the elctrodes. All these data suggest that Si remains inert 
elctrochemically in terms of its reactivity with potassium. Therefore, other 
elctrochemically active anode materials need to be established for potassium-ion 
batteries.
Phosphorus is another interesting material that can alloy electrochemically 
with alkali metals. According to my results, a black phosphorus-carbon composite is 
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able to provide a reversible capacity of 617 mAh g-1 in the first cycle in a potassium 
cell. A gradual capacity decrease is observed with the increase in the number of cycles. 
From the ex-situ XRD, it can be seen that a group of peaks which can be assigned to a 
KP phase appears in the XRD pattern of the electrodes discharged to 0.01 V vs. K/K+.
After the dealloying process (the first charge to 2.0 V vs. K/K+), the XRD signature of 
the electrodes does not contain clearly visible features, indicating amorphization of the 
material in the depotassiated state. The results indicate that phosphorus is indeed 
capable of alloying with potassium. Importantly, the measured capacities have the 
highest values, at this stage, reported for the anodes of potassium-ion batteries. This 
certainly underpins the importance of developing phosphorus-based electrodes further.
Sb-C anode materials have been previously reported by McCulloch et al. [76].
In this thesis, I went one step further and investigated the influence of the weight ratio 
of Sb and carbon components on the electrochemical performance of the Sb-C
composites in potassium cells. The elctrolytes and binder effects were also 
investigated. It follows from the results that the cycling stability increases with the 
decrease in Sb particle size. The Sb-C 1:1 composite (the smallest particle size) 
delivers the best cycling performance compared to the Sb-C 9:1 and Sb-C 7:3 
composites. However, a capacity drop occurs in every sample after a certain number 
of cycles beacuse of a large volume expansion of Sb. To suppress the effects of volume 
expansion, gum arabic acacia binder was used due to its high binding strength and 
ductility. This binder increases the cyling stability a bit, but a gradual capacity decay 
is stilll experienced by Sb-C elctrodes due to the large volume expansion. 
Fluoroethylene carbonate (FEC) additive has been also added into the standard 
electrolyte used in this thesis in an attempt to improve the cycling stability. However, 
the results indicate that cycling stability worsens and is not as attractive as that in the 
standard electrolyte. To improve the cycling stability in Sb-C electrodes in potassium 
cells further research is needed.
The results are shown in this thesis open a number of promising directions for 
future work. An obvious future avenue to pursue is the expansion of the range of the 
candidate phases. Although, a circle of the initial candidate phases is now defined, not 
all possible alloying materials have been covered yet. For example, Ge and Bi are 
known to be alloying successfully with the alkali elements in lithium and sodium cells 
[150-155] and it is definitely worthwhile to assess them in potassium cells as well. 
Another almost untouched area is the universe of intermetallic phases, in which 
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various elements (that are known or suspected to be able to alloy with potassium) are 
combined with each other or an inert (not capable of alloying) element within the same 
material. A Sn4P3 phase has been a very interesting initial phase to get evaluated in 
this space [80]. Theoretical calculations should be a useful guide in search of suitable 
materials.
Studies of the reaction mechanisms will be paramount in the future work. It 
has been already established that the reaction mechanisms of electrochemical alloying 
in potassium cells may be quite different from those in previously assessed lithium and 
sodium cells. That will have implications for the capacity levels of these materials, 
both in the gravimetric and volumetric senses, and for the shapes of charge-discharge 
profiles in potassium cells. Failure mechanisms of electrodes, e.g., through their 
mechanical breakdown or SEI phenomena, need to be understood, and the acquired 
knowledge should form a basis for the optimization of the cyclic behavior. A related 
problem that needs to be looked at is a relatively poor Coulombic efficiency often 
observed in the alloying electrodes of potassium cells. The Coulombic efficiency may 
be up to a few percentage points lower than that of state of the art electrodes of lithium-
ion batteries. Experiments in this area should include optimization of electrolyte 
formulations, trialling electrolyte additives (the known ones may not be so effective; 
e.g., fluoro ethylene carbonate (FEC) does not improve the behaviour of anodes in 
potassium cells) and further experimenting with different binders. 
Binders can be indeed the key to the performance optimization of the anode 
materials that alloy with potassium. At present, the data on the influence of the choice 
of a binder on the performance of these materials are largely absent in the literature.
Furthermore, it is probably safe to state that, apart from this thesis, only one systematic 
study of the influence of binders on potassium-ion battery anode performance has been 
published at this stage. Komaba et al. [8] have evaluated the influence of binders on 
the performance of graphitic anodes and concluded that the initial Coulombic 
efficiency and cyclic stability might vary depending on the binder chosen for the 
electrode assembly. For example, the highest Coulombic efficiency (89 %) has been 
achieved with sodium carboxymethylcellulose as a binder, while the optimal cyclic 
stability has been noted with sodium polyacrylate as a binder (negligible performance 
degradation over 50 cycles). The battery community should be encouraged to conduct 
similar studies on the anode materials that alloy with potassium. The binders may have 
a strong influence on the performance characteristics of these materials in electrodes.   
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Finally, creating full cell prototypes of potassium-ion batteries with anode 
materials incorporating alloying components is the next important task. Although a 
successful attempt to use alloying anodes (Sn and Pb) in a dual-ion potassium battery 
has been reported [156], the demonstrated prototype is not a potassium-ion battery 
(with a classical “rocking chair” mechanism) strictly speaking but rather a battery 
utilizing different ions in the anode and cathode reactions. The same comment applies 
to another hybrid potassium-ion/oxygen cell reported by McCulloch et al. [76], who 
used Sb-based anodes and an electrocatalytic cathode in their prototype. While these 
early battery prototypes are without any doubt innovative and interesting, it may also 
be of interest to trial more conventional full cells involving intercalation cathode hosts 
for potassium such as hexacyanoferrates, layered oxides or polyanionic compounds. 
Cathode chemistry for potassium-ion battery needs to develop more as well to 
complement the knowledge accumulated about anode materials and enable the 
progression to full cell batteries. Nevertheless, the author believes that the scientific 
challenges will be gradually overcome and that the current research is moving along 
the right path. As proven in this thesis, interesting elecrode materials resembling those 
for lithium and sodium cells can be identified for potassium-ion batteries. It is my 
expectation that the future of potassium-ion batteries is likely to be bright.
105
 
References 
[1] Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the 
development of advanced Li-ion batteries: a review. Energy & environmental 
Science 2011, 4, 3243-3262. 
[2] Yoshimoto, K.; Nanahara, T.; Koshimizu, G. New control method for 
regulating state-of-charge of a battery in hybrid wind power/battery energy 
storage system. In Power System conference and exposition 2006, 1244-1251.
[3] Divya, K. C.; Ostergaard, J. Battery energy storage technology for power 
systems-an overview. Electric Power System Research 2009, 79, 511-520.
[4] Teleke, S.; Baran, M. E.; Bhattacharya, S.; Huang, A. Q. Optimal control of 
battery energy storage for wind farm dispatching. Energy conversion 2010, 25, 
787-794.
[5] Vikström, H.; Davidsson, S.; Höök, M. Lithium availability and future 
production outlooks. Applied Energy 2013, 110, 252-266.
[6] Gruber, P.W.; Medina, P. A.; Keoleian, G. A.; Kesler, S. E.; Everson, M. P.; 
Wallington, T. J. Global lithium availability. J. Ind. Ecol. 2011, 15, 760-775.
[7] Wanger T.C. The lithium future-resources, recycling, and the environment.
Conservation Letters 2011, 4, 202-206.
[8] Komaba, S.; Hasegawa, T.; Dahbi, M.; Kubota, K. Potassium intercalation into 
graphite to realize high-voltage/high-power potassium-ion batteries and 
potassium-ion capacitors. Electrochemistry Communications 2015, 60, 172-
175.
[9] Lide, D. R. CRC Handbook of Chemistry and Physics: Special Student Edition, 
77th Edition, 1996.
[10] Eftekhari, A. potassium secondary cell based on prussian blue cathode. Journal 
of Power Sources 2004, 126, 221-228.
[11] Eftekhari, A.; Jian, Z.; Ji, X. Potassium secondary batteries. ACS Applied 
Materials & Interfaces 2017, 9, 4404-4419.
106
 
[12] Balogun, M. -S.; Luo, Y.; Qiu, W.; Liu, P.; Tong, Y. A review of carbon 
materials and their composites with alloy metals for sodium ion battery anodes. 
Carbon 2016, 98, 162-178.
[13] Zhang. W. -J. A review of the electrochemical performance of alloy anodes for 
lithium-ion batteries. Journal of Power Sources 2011, 196, 13-24.
[14] Dell, R. M.; Rand, D. A. J. Understanding Batteries, 1st ed., Royal Society 
Chemistry 2001, 941.
[15] Tarascon, J. M.; Armand, M. Issues and challenges facing rechargeable 
lithium batteries. Nature 2001, 414359-367.
[16] Levy, S.; Bro, P. Lithium/thionyl chloride batteries. In Battery Hazards 
and Accident Prevention. Springer US 1994, 211-232.
[17] Whittingham, S. Chalcogenide battery. US patent 4009052., 1973.
[18] Dampier, F. W. The cathodic behavior of CuS, MoO3, and MnO2 in 
lithium cells. Journal of the Electrochemical Society 1974, 121, 656-660.
[19] Whittingham, M.S.; Dines, M. B. n-Butyllithium-an effective, general 
cathode screening agent. Journal of the Electrochemical Society 1977, 124, 
1387-1388.
[20] Whittingham, M.S. Lithium batteries and cathode materials. Chemical 
Reviews 2004, 104, 4271-4302.
[21] Mizushnima, K.; Jones, P.C; Wiseman, P. J.; Goodenough, J. B. LixCoO2 
(O<x<-1): a new cathode material for batteries of high energy density. 
Materials Research Bulletin 1980, 15, 783-789.
[22] Mizushnima, K.; Jones, P.C; Wiseman, P. J.; Goodenough, J. B. LixCoO2
2[DQHZFDWKRGHPDWHULDO IRUEDWWHULHVRIKLJKHQHUJ\GHQVLWy. Solid 
State Ionics 1981, 3-4, 171-174.
[23] Thackeray, M. M.; David, W. I. F.; Bruce, P. G.; Goodenough, J. B. 
Lithium insertion into manganese spinels. Materials Research Bulletin
1983, 18, 461-472.
[24] Besenhard, J. O. The electrochemical preparation and properties of ionic 
alkali metal and NR4-graphite intercalation compounds in organic 
electrolytes. Carbon 1976, 14, 111-115.
[25] Nagaura, T.; Towzan, K. Lithium ion rechargeable battery. Progress Batteries 
Solar Cells 1990, 9, 209-217.
107
 
[26] Newman, G. H.; Klemann, L.P. Ambient temperature cycling of an Na -TiS2
cell. Journal of the Electrochemical Society 1980, 127, 2097-2099.
[27] Barker, J.; Saidi, M. Y.; Swoyer, J. L. A sodium-ion cell based on the 
fluorophosphate compound NaVPO4) ௗElectrochemical and Solid-State 
Letters 2003, 6, A1-A4.
[28] https://www.sumitomochem.cO.jp/english/rd/report/theses/docs/2013E_3.pdf
[29] https://news.cnrs.fr/articles/a-battery-revolution-in-motion.
[30] http://www.greencarreports.com/news/1098434_faradion-electric-bike-
prototype-powered-by-sodium-ion batteries
[31] Danot, M.; Blanc, A. L.; Rouxel, J. Bulletine de la Soci;et’e Chimique de 
France 1969, 8, 2670.
[32] Delmas, C.; Fouassier, C.; Hagenmuller, P. Les bronzes de cobalt KxCoO2
(x<1). L'oxyde KCoO2. Journal of Solid State Chemistry 1975, 13, 165-171.
[33] Wu, X.; Leonard, D. P.; Ji, X. Emerging non-aqueous potassium-ion 
batteries: Challenges and Opportunities. Chemistry of Materials 2017, 29 (12), 
5031-042.
[34] Xing, Z.; Qi, Y.; Jian, Z.; Ji, X. Polynanocrystalline graphite: a new carbon 
anode with superior cycling performance for K-ion batteries. ACS Applied 
Materials & Interfaces 2017, 9 (5), 4343-4351.
[35] Luo, W.; Wan, J.; Ozdemir, B.; Bao, W.; Chen, Y.; Dai, J.; Lin, H.; Xu, Y.; 
Gu, F.; Barone, V.; Hu, L. Potassium ion batteries with graphitic materials. 
Nano Letters 2015, 15, 7671-7677.
[36] Jian, Z.; Xing, Z.; Bommier, C.; Li, Z.; Ji, X. Hard carbon microspheres: 
potassium-ion anode versus sodium-ion anode. Advanced Energy Materials
2016, 6, 1501874.
[37] Linden, D.; Reddy, T. B. Handbook of batteries. Mc.Graw- Hill 2002.
[38] Pramudita, J. C.; Sehrawat, D.; Goonetilleke, D.; Sharma, N. An initial 
review of the status of electrode materials for potassium-ion batteries. 
Advanced Energy Materials 2017, 1602911.
[39] Marcus, Y. Thermodynamic functions of transfer of single ions from water to 
nonaqueous and mixed solvents: part 3-standard potentials of selected 
electrodes. Pure and Applied Chemistry 1985, 57 (8), 1129-1132.
[40] Matsuura, N.; Umemoto, K.; Takeuchi, Z. Standard potentials of alkali metals, 
VLOYHUDQGWKDOOLXPPHWDOLRQFRXSOHVLQ11ƍ-dimethylformamide, dimethyl 
108
 
sulfoxide, and propylene carbonate. Bulletin of the Chemical Society of Japan
1974, 47, 813-817.
[41] Yabuuchi, N.; Kubota, K.; Dahbi, M.; Komaba, S. Research development on
sodium-ion batteries. Chemical Reviews 2014, 114, 11636-11682.
[42] U.S. Geological Survey. Mineral Commodities Summaries 2015, 196.
[43] Jayalakshmi, M.; Scholz. F. Charge-discharge characteristics of a solid-state 
prussian blue secondary Cell. Journal of Power Sources 2000, 87, 212-217.
[44] Zhang, C.; Xu, Y.; Zhou, M.; Liang, L.; Dong,H.; Wu, M.; Yang, Y.; Lei, Y. 
Potassium prussian blue nanoparticles: a low-cost cathode material for 
potassium-ion batteries. Advanced Functional Materials 2017, 27, 1604307.
[45] Padigi, P.; Thiebes, J.; Swan, M.; Goncher, G.; Evans, D.; Solanki, R. Prussian 
green: a high rate capacity cathode for potassium ion batteries. Electrochimica 
Acta 2015, 166, 32-39.
[46] Xue, L.; Li, Y.; Gao, H.; Zhou, W.; Lü, X.; Kaveevivitchai, W.; Manthiram,
A.; Goodenough, J. B. Low-cost high-energy potassium cathode. Journal of 
the American Chemical Society 2017, 139 (6), 2164-2167.
[47] Wu, X.; Jian, Z.;  Li, Z.;  Ji, X. Prussian white analogues as promising cathode 
for non-aqueous potassium-ion batteries. Electrochemistry Communications
2017, 77, 54-57.
[48] Hironaka, Y.; Kubota, K.; Komaba, S. P2- and P3-KxCoO2 as electrochemical 
potassium intercalation host. Chemical Communications 2017, 53, 3693-3696.
[49] Vaalma, C.; Giffin, G. A.; Buchholz, D.; Passerinia, S. Non-aqueous K-ion 
battery based on layered K0.3MnO2 and hard carbon/carbon black. Journal of 
the Electrochemical Society 2016, 163 (7), A1295-A1299.
[50] Wang, X.; Xu, X.; Niu, C.; Meng, J.; Huang, M.; Liu, X.; Liu, Z.; Mai, L. Earth 
abundant Fe/Mn-based layered oxide interconnected nanowires for advanced 
K-ion full batteries. Nano Letters 2017, 17, 544-550.
[51] Mathew, V.; Kim, S.; Kang, J.; Gim, J.; Song, J.; Baboo, J. P.; Park, W.; Ahn, 
D.; Han, J.; Gu, L.; Wang, Y.; Hu, Y.-S.; Sun, Y.-K.; Kim, J. Amorphous iron 
phosphate: potential host for various charge carrier ions. NPG Asia Materials
2014, 6, e138.
[52] Lander, L.; Rousse, G. l.; Batuk, D.; Colin, C. V.; Dalla Corte, D. A.; Tarascon, 
J.-M. Synthesis, structure, and electrochemical properties of K-based sulfates 
K2M2(SO4)3 with M= Fe and Cu. Inorganic Chemistry 2017, 56, 2013-2021.
109
 
[53] Han, J.; Niu, Y.; Bao, S. -J. Yu, Y. -N.; Lu, S. -Y.; Xu, M. Nanocubic 
KTi2(PO4)3 electrodes for potassium-ion batteries. Chemical Communications
2016, 52, 11661-11664.
[54] Han, J.; Li, G.-N.; Liu, F.; Wang, M.; Zhang, Y.; Hu, L.; Dai, C.; Xu, M. 
Investigation of K3V2(PO4)3/C nanocomposites as high-potential cathode 
materials for potassium ion batteries. Chemical Communications 2017, 53, 
1805-1808.
[55] Nikitina, V. A.; Fedotov, S. S.; Vassiliev, S. Y.; Samarin, A. S.; Khasanova, 
N. R.; Antipov, E. V. Transport and kinetic aspects of alkali metal ions 
intercalation into AVPO4F framework. Journal of the Electrochemical Society
2017, 164, A6373-A6380.
[56] Liang, Y.; Zhang, P.; Chen, J. Function-oriented design of conjugated carbonyl 
compound electrodes for high energy lithium batteries. Chemical Science
2013, 4, 1330-1337.
[57] Liang, Y.; Zhang, P.; Yang, S.; Tao, Z.; Chen, J. Fused heteroaromatic organic 
compounds for high-power electrodes of rechargeable lithium batteries. 
Advanced Energy Materials 2013, 3, 600-605.
[58] Chena, Y.; Luo, W.; Carter, M.; Zhou, L.; Dai, J.; Fu, K.; Lacey, S.; Li, T.; 
Wan, J.; Han, X.; Bao, Y.; Hu, L. Organic electrode for non-aqueous 
potassium-ion batteries. Nano Energy 2015, 18, 205-211.
[59] Xing, Z.; Jian, Z.; Luo, W.; Qi, Y.; Bommier, C.; Chong, E.; Li, Z.; Hub, L.; 
Ji, X. A perylene anhydride crystal as a reversible electrode for K-ion batteries.
Energy Storage Materials 2016, 2, 63-68.
[60] Song, Z.; Zhan, H.; Zhou, Y. Anthraquinone based polymer as high 
performance cathode material for rechargeable lithium batteries. Chemical 
Communications 2009, 448-450.
[61] Deng, W.; Liang, X.; Wu, X.; Qian, J. ; Cao, Y.; Ai, X.; Feng, J.; Yang, H. A 
low cost, all-organic Na-ion battery based on polymeric cathode and anode. 
Scientific Reports 2013, 3. DOI: 10.1038/srep02671.
[62] %LWHQF - 3LUQDW . %DQþLþ 7 *DEHUãþHN 0 *HQRULR % 5DQGRQ-
Vitanova, A.; Dominko, R. Anthraquinone-based polymer as cathode in 
rechargeable magnesium batteries. ChemSusChem 2015, 8, 4128-4132.
110
 
[63] Jian, Z.; Liang, Y.; Rodríguez-Pérez, I. A.; Yao, Y.; Ji, X. 
Poly(Anthraquinonyl Sulfide) cathode for potassium-ion batteries. 
Electrochemistry Communications 2016, 71, 5-8.
[64] Zabel, H.; Solin, S.A. Graphite intercalation compounds, Springer-Verlag, 
New York 1992.
[65] Fong, R.; Sacken, U. V.; Dahn, J.R. Studies of lithium intercalation into 
carbons using non-aqueous electrochemical cells. Journal of the 
Electrochemical Society 1990, 137 (7), 2009-2013.
[66] Cao, Y.; Xiao, L.; Sushko, M. L.; Wang, W.; Schwenzer, B.; Xiao, J.; Nie, Z.; 
Saraf, L.V.; Yang, Z.; Liu, J. Sodium ion insertion in hollow carbon nanowires 
for battery applications. Nano Letters 2012, 12, 3783-3787.
[67] Dresselhaus M.S.; Dresselhaus, G. Intercalation compounds of graphite. 
Advances in Physics 2002, 51(1), 1-186.
[68] Jian, Z.; Luo, W.; Ji, X. Carbon electrodes for K-ion batteries. Journal of the 
American Chemical Society 2015, 137, 11566-11569.
[69] Azuma, H.; Imoto, H.; Yamada, S.; Sekai, K. Advanced carbon anode 
materials for lithium ion cells. Journal of Power Sources 1999, 81-82, 1-7.
[70] Xiang, H., Fang, S., and Jiang, Y. Carbonaceous anodes for lithium-ion 
batteries prepared from phenolic resins with different cross-linking densities.
Journal of the Electrochemical Society 1997, 144, L187- L189.
[71] Liu, Y.; Fan, F.; Wang, J.; Liu, Y.; Chen, H.; Jungjohann, K. L.; Xu, Y.; Zhu, 
Y.; Bigio, D.; Zhu, T.; Wang, C. In situ transmission electron microscopy study 
of electrochemical sodiation and potassiation of carbon nanofibers. Nano 
Letters 2014, 14, 3445-3452.
[72] Ju, Z.; Zhang, S.; Xing, Z.; Zhuang, Q.; Qiang, Y.; Qian, Y. Direct synthesis 
of few-layer F-dopped graphene foam and its lithium/potassium storage 
properties. ACS Applied Materials & Interfaces 2016, 8(32), 20682-20690.
[73] Winter, M.; Besenhard, J.O. Electrochemical lithiation of tin and tin-based 
intermetallics and composites. Electrochimica Acta 1999, 45 31-50.
[74] Goriparti, S.; Miele, E.; Angelis, F. D.; Fabrizio, E. D.; Zaccaria, R. P.; Capigli, 
C. Review on recent progress of nanostructured anode materials for Li-ion 
batteries. Journal of Power Sources 2014, 257, 421-443.
[75] Kim, Y.; Ha, K.-Ho.; Oh, S. M.; Lee, K.T. High-capacity anode materials for 
sodium-ion batteries. Chemistry-A European Journal 2014, 20, 11980-11992.
111
 
[76] McCulloch, W. -D.; Ren, X.; Yu, M.; Huang, Z; Wu, Y. Potassium-ion oxygen 
battery based on a high capacity antimony anode. ACS Applied Materials & 
Interfaces 2015, 7(47), 26158-26166.
[77] He, M.; Kravchyk, K.; Walter, M.; Kovalenko, M. V. Monodisperse antimony 
nanocrystals for high-rate Li-ion and Na-ion battery anodes: nano versus bulk.
Nano Letters 2014, 14, 1255-1262.
[78] Darwiche, A.; Marino, C.; Sougrati, M. T.; Fraisse, B.; Stievano, L.;
Monconduit, L. Better cycling performances of bulk Sb in Na-ion batteries 
compared to Li-ion systems: an unexpected electrochemical mechanism.
Journal of the American Chemical Society 2012, 134, 20805-20811.
[79] Ramireddy, T.; Xing, T.; Rahman, M. M.; Chen, Y.; Dutercq, Q.; Gunzelmann, 
D.; Glushenkov, M. A. Phosphorus–carbon nanocomposite anodes for lithium-
ion and sodium-ion batteries. Journal of Materials Chemistry A 2015, 3, 5572-
5584.
[80] Zhang, W.; Mao, J.; Li, S.; Chen, Z.; Guo, Z. Phosphorus-based alloy materials 
for advanced potassium-ion battery anode. Journal of the American Chemical 
Society 2017, 139, 3316-3319.
[81] Shen, L.; Uchaker, E.; Zhang, X.; Cao, G. Hydrogenated Li4Ti5O12 nanowire 
arrays for high rate lithium ion batteries. Advanced Materials 2012, 24, 6502-
6506.
[82] Jiang, Y.; Zeng, L.; Wang, J.; Li, W.; Pan F.; Yu, Y. A carbon coated 
NASICON structure material embedded in porous carbon enabling superior 
sodium storage performance: NaTi2(PO4)3 as an example. Nanoscale 2015, 7, 
14723-14729.
[83] Kishore, B.; G, V.; Munichandraiah, N. K2Ti4O9: A promising anode material 
for potassium ion batteries. Journal of the Electrochemical Society 2016, 163
(13) A2551-A2554.
[84] Han, J.; Xu, M.; Niu, Y.; Li, G. -N.; Wang, M.; Zhang, Y.; Jia M.; Li, C. M. 
Exploration of K2Ti8O17 as an anode material for potassium-ion batteries.
Chemical Communications 2016, 52, 11274-11276.
[85] Ren, X.; Zhao, Q.; McCulloch, W. -D.; Wu, Y. MoS2 as a long-life host 
material for potassium ion intercalation. Nano Research 2017, 10(4), 1313-
1321.
112
 
[86] Song, Z.; Zhou, H. Towards sustainable and versatile energy storage devices: 
an overview of organic electrode materials. Energy & Environmental Science
2013, 6, 2280-2301.
[87] Zhao, Q.; Wang, J.; Lu, Y.; Li, Y.; Liang, G.; Chen, J. Oxocarbon salts for fast 
rechargeable batteries. Angewandte Chemie International Edition 2016, 55, 
12528-12532.
[88] Deng, Q.; Pei, J.; Fan, C.; Ma, J.; Cao, B.; Li, C.; Jin, Y.; Wang, L.; Li, J. 
Potassium salts of para-aromatic dicarboxylates as the highly efficient organic 
anodes for low-cost K-ion batteries. Nano Energy 2017, 33, 350-355.
[89] Okoshi, M.; Yamada, Y.; Komaba, S.; Yamada, A.; Nakaia, H. Theoretical 
analysis of interactions between potassium ions and organic electrolyte 
solvents: a comparison with lithium, sodium, and magnesium ions. Journal of 
the Electrochemical Society 2017, 164, A54-A60.
[90] Cho, E.; Mun, J.; Chae, O. B.; Kwon, O. M.; Kim, H.-T.; Ryu, J. H.; Kim, Y. 
G.; Oh, S. M. Corrosion/passivation of aluminum current collector in is 
(fluorosulfonyl) imide-based ionic liquid for lithium-ion batteries. 
Electrochemistry Communications 2012, 22, 1-3.
[91] Lei, K.; Li, F.; Mu, C.; Wang, J.; Zhao, Q.; Chena, C.; Chen, J. High K-storage 
performance based on the synergy of dipotassium terephthalate and ether-
based electrolytes. Energy & Environmental Science 2017, 10, 552-557
[92] He, G.; Nazar, L. F. Crystallite size control of prussian white analogues for 
nonaqueous potassium-ion batteries. ACS Energy Letters 2017, 2, 1122-1127
[93] Dahbi, M.; Yabuuchi, N.; Kubota, K.; Tokiwa, K.; Komaba, S. Negative 
electrodes for Na-ion batteries. Physical Chemistry Chemical Physics 2014,
16, 15007-15028.
[94] Fransson, L.; Eriksson, T.; Edtrom K.; Gustafsson, T.; Thomas, J. O. Influence 
of carbon black and binder on Li-ion batteries. Journal of Power Sources 2001,
101, 1-9.
[95] Chen, Y.; Gerald, J. F.; Williams J.; Bulcock, S. Synthesis of boron nitride 
nanotubes at low temperatures using reactive ball milling. Chemical Physics 
Letters 1999, 299, 260-264.
[96] Suryanarayana, C. Mechanical alloying and milling. Progress in Materials 
Science 2001, 46, 1-184.
113
 
[97] Weidenthaler, C. Pitfalls in the characterization of nanoporous and nanosized 
materials. Nanoscale 2011, 3, 792-810.
[98] http://www.nanoscience.com/technology/sem-technology/how-sem-works/
[99] http://nau.edu/cefns/labs/electron-microprobe/glg-510-class-notes/signals/
[100] Williams, D. B.; Carter, C. B. Transmission electron microscopy : a textbook 
for materials science. Springer, 2009. 2nd ed.
[101] Glushenkov, A. M. Functional nanomaterials of zinc oxide and compounds of 
vanadium. PhD Thesis 2008.
[102] https://en.wikipedia.org/wiki/Cyclic_voltammetry
[103] Hassoun, B. J.; Derrien, G.; Panero, S.; Scrosati, B. A nanostructured Sn-C
composite lithium battery electrode with unique stability and high 
electrochemical performance. Advanced Materials 2008, 20, 3169-3175.
[104] Hassoun, B. J.; Panero, S.; Reale, P.; Scrosati, B. A new, safe, high-rate and 
high-energy polymer lithium-ion battery. Advanced Materials 2009, 21, 4807-
4810.
[105] Oh, S.-M.; Myung, S.-T.; Jang, M.-W.; Scrosati, B.; Hassoun, J.; Sun, Y.-K. 
An advanced sodium-ion rechargeable battery based on a tin-carbon anode and 
a layered oxide framework cathode. Physical Chemistry Chemical Physics 
2013, 15, 3827-3833.
[106] Park, J. W.; Eom, J. Y.; Kwon, H. S. Fabrication of Sn-C composite electrodes 
by electrodeposition and their cycle performance for Li-ion batteries. 
Electrochemistry Communications 2009, 11, 596-598.
[107] Li, Z.; Ding, J.; Mitlin, D. Tin and Tin Compounds for sodium ion battery 
anodes: phase transformations and performance. Accounts of Chemical
Research 2015, 48, 1657-1665.
[108] Xu, Y.; Liu, Q.; Zhu, Y.; Liu, Y.; Langrock, A.; Zachariah, M. R.; Wang, C. 
Uniform nano-Sn/C composite anodes for lithium ion batteries. Nano Letters
2013, 13, 470-474.
[109] Lin, Y. M.; Abel, P. R.; Gupta, A.; Goodenough,  J. B.; Heller, A.; Mullins, 
C. B. Sn-Cu nanocomposite anodes for rechargeable sodium-ion batteries. ACS 
Applied Materials & Interfaces 2013, 5, 8273-8277.
[110] Sangster, J.; Bale, C. W. The K-Sn (potassium-tin) system. Journal of Phase 
Equilibria and diffusion 1998, 19, 67-69.
114
 
[111] Obrovac M. N.; Chevrier, V. L. Alloy negative electrodes for Li-ion batteries. 
Chemical Reviews 2014, 114, 11444-11502.
[112] Bommier, C.; Ji, X. Recent development on anodes for Na-ion batteries. Israel
Journal of Chemistry 2015, 55, 486-507.
[113] Yoo, J.-K.; Kim, J.; Jung, Y. S.; Kang, K. Scalable fabrication of silicon 
nanotubes and their application to energy storage. Advanced Materials 2012,
24, 5452-5456.
[114] Ko, M.; Chae, S.; Ma, J.; Kim, N.; Lee, H. -W.; Cui, Y.; Cho, J. Scalable 
synthesis of silicon-nanolayer-embedded graphite for high-energy lithium-ion 
batteries. Nature Energy 2016, 1, 16113.
[115] Yang, J.; Wang, B. F.; Wang, K.; Liu, Y.; Xie, J.Y.; Wen, Z. S. Si/C composites 
for high capacity lithium storage materials. Electrochemical and Solid-State 
Letters 2003, 6, A154 -A156.
[116] Wang, W.; Kumta, P. N. Nanostructured hybrid silicon/carbon nanotubes 
heterostructures: reversible high-capacity lithium-ion anodes. ACS Nano 2010,
4, 2233-2241.
[117] Tran, T. T.; Obrovac, M. N. Alloy negative electrodes for high energy density 
metal-ion cells. Journal of the Electrochemical Society 2011, 158, A1411-
A1416.
[118] Kim, H.; Seo, M.; Park, M. -H.; Cho, J. A critical size of silicon nano-anodes 
for lithium rechargeable batteries. Angewandte Chemie International Edition
2010, 49, 2146-2149.
[119] Zhang, R.; Du, Y.; Li , D.; Shen, D.; Yang, J.; Guo, Z.; Liu, H. K.; Elzatahry, 
A. A.; Zhao, D. Highly reversible and large lithium storage in mesoporous Si/C 
nanocomposite anodes with silicon  nanoparticles embedded in a carbon 
framework. Advanced Materials 2014, 26, 6749-6755.
[120] Yen, Y. -C.; Chao, S.-C.; Wu, H. -C.; Wu, N. -L. Study on solid-electrolyte-
interphase of Si and C-coated Si electrodes in lithium cells. Journal of the 
Electrochemical Society 2009, 156, A95-A102.
[121] Chou, S. -L.; Wanga, J. -Z.; Choucair, M.; Liu, H. -K.; Stride, J. A.; Dou, S. -
X. Enhanced reversible lithium storage in a nanosize silicon/graphene 
composite. Electrochemistry Communications 2010, 12, 303-306.
115
 
[122] Thissandier, F.; Pauc, N.; Brousse, T.; Gentile, P.; Sadki, S. Micro-
ultracapacitors with highly doped silicon nanowires electrodes. Nanoscale 
Research Letters 2013, 8, 1.
[123] Sangster, J. K-Si (potassium-silicon) system. Journal of Phase Equilibria and 
Diffusion 2006, 27, 190-191.
[124] Park, C. M.; Sohn, H. J. Black phosphorus and its composite for lithium 
rechargeable batteries. Advanced Materials 2007, 19, 2465- 2468.
[125] Sun, L.-Q.; Li, M.-J.; Sun, K.; Yu, S.-H.; Wang, R.-S.; Xie, H.-M. 
Electrochemical activity of black phosphorus as an anode material for lithium-
ion batteries. The Journal of Physical Chemistry C 2012, 116, 14772-14779.
[126] Stan, M. C.; Zamory, J. V.; Passerini, S.; Nilges, T.; Winter, M. Puzzling out 
the origin of the electrochemical activity of black P as a negative electrode 
material for lithium-ion batteries. Journal of Materials Chemistry A 2013, 1, 
5293-5300.
[127] Qian, J.; Qiao, D.; Ai, X.; Cao, Y.; Yang, H. Reversible 3-Li storage reactions 
of amorphous phosphorus as high capacity and cycling-stable anodes for Li-
ion batteries. Chemical Communications 2012, 48, 8931-8933.
[128] Li, W.-J.; Chou, S.-L.; Wang, J.-Z.; Liu, H.-K.; Dou, S.-X. Simply mixed 
commercial red phosphorus and carbon nanotube composite with exceptionally 
reversible sodium-ion storage. Nano Letters 2013, 13, 5480-5484.
[129] Yabuuchi, N.; Matsuura, Y.; Ishikawa, T.; Kuze, S.;  Son, J.-Y.; Cui, Y.-T.; 
Oji, H.; Komaba, S. Phosphorus electrodes in sodium cells: small volume 
expansion by sodiation and the surface-stabilization mechanism in aprotic 
solvent. ChemElectroChem. 2014, 1, 580-589.
[130] Li, W.; Yang, Z.; Jiang, Y.; Yu, Z.; Gu, L.; Yu, Y. Crystalline red phosphorus 
incorporated with porous carbon nanofibers as flexible electrode for high 
performance lithium-ion batteries. Carbon 2014, 78, 455-462.
[131] Sun, J.; Zheng, G.; Lee, H.-W.; Liu, N.; Wang, H.; Yao, H.; Yang, W.; Cui, Y. 
Formation of stable phosphorus-carbon bond for enhanced performance in 
black phosphorus nanoparticle-graphite composite battery anodes. Nano 
Letters 2014, 14, 4573-4580.
[132] Reich, E. S. Phosphorene excites materials scientists. Nature 2014, 506, 19-19.
[133] Ozawa, K. Lithium ion rechargeable batteries with LiCoO2 and carbon 
electrodes: the LiCoO2/C system. Solid State Ionics 1994, 69, 212-221.
116
 
[134] Divincenzo, D. P.; Mele, E. J. Cohesion and structure in stage-1 graphite 
intercalation compounds. Physical Review B 1985, 32, 2538.
[135] Marino, C.; Debenedetti, A.; Fraisse, B.; Favier, F.; Monconduit, L. Activated-
phosphorus as new electrode material for Li-ion batteries. Electrochemistry
Communications 2011, 13, 346-349.
[136] Ramireddy, T.; Sharma, N.; Xing, T.; Chen, Y.; Leforestier, J.; Glushenkov, 
A. M. Size and composition effects in Sb-Carbon nanocomposites for sodium-
ion batteries. ACS Applied Materials & Interfaces 2016, 8, 30152-30164.
[137] Dahbi, M.; Yabuuchi, N.; Fukunishi, M.; Kubota, K.; Chihara, K.; Tokiwa, K.; 
Yu, X. F.; Ushiyama, H.; Yamashita, K.; Son, Y. J.; Cui, Y. T.; Oji, H.; 
Komaba, S. Black phosphorus as a high-capacity, high-capability negative 
electrode for sodium-ion batteries: investigation of the electrode/electrolyte 
interface. Chemistry of Materials 2016, 28, 1625-1635.
[138] Qian, J.; Wu, X.; Cao, Y.; Ai, X.; Yang, H. High capacity and rate capability 
of amorphous phosphorus for sodium ion batteries Angewandte Chemie 
International Edition 2013, 52, 4633-4636.
[139] Bie, X.; Kubota, K.; Hosaka, T.; Chihar, K.; Komaba, S. A novel K-ion battery: 
hexacayanoferrate (II) / graphite cell. Journal of Materials Chemistry A 2017,
5, 4325-4330.
[140] Sangster, J. M. K-P (potassium-phosphorus) system. Journal of Phase 
Equilibria and diffusion 2010, 31, 68-72.
[141] Nagao, M.; Hayashi, A.; Tatsumisago, M. All-solid-state lithium secondary 
batteries with high capacity using black phosphorus negative electrode. 
Journal of Power Sources 2011, 196, 6902-6905.
[142] Sultana, I.; Ramireddy, T.; Rahman, M. M.; Chen, Y.; Glushenkov, A. M. Tin-
based composite anodes for potassium-ion batteries. Chemical
Communications 2016, 52, 9279-9282.
[143] Park, C.-M.; Kim, J.-H.; Kim, H.; Sohn, H.-J.  Li-alloy based anode materials 
for Li secondary batteries. Chemical Society Reviews 2010, 39, 3115-3141.
[144] Baggetto, L.; Ganesh, P.; Sun, C.-N.; Meisner, R. A.; Zawodzinski, T. A.; 
Veith, G. M. Intrinsic thermodynamic and kinetic properties of Sb electrodes 
for Li-ion and Na-ion batteries: Experiment and theory. Journal of Materials 
Chemistry A 2013, 1, 7985-7994.
117
 
[145] Qian, J.; Chen, Y.; Wu, L.; Cao, Y.; Ai, X.; Yang, H. High capacity Na-storage 
and superior cyclability of nanocomposite Sb/C anode for Na-ion batteries.
Chemical Communications 2012, 48, 7070-7072.
[146] Ma, D.; Cao, Z.; Hu, A. Si-based anode materials for Li-ion batteries: a mini 
review. Nano-Micro Letters 2014, 6, 347-358.
[147] Ling, M.; Xu, Y.; Zhao, H.; Gu, X.; Qiu, J.; Li, S.; Wu, M.; Song, X.; Yan, C.;  
Liu, G.; Zhang, S. Dual-functional gum arabic binder for silicon anodes in 
lithium ion batteries. Nano energy 2015, 12, 178-185.
[148] Wang, Q.; Zhao, X.; Ni, C.; Tian, H.; Li, J.; Zhang, Z.; Mao, S. X.; Wang, J.; 
Xu, Y. Reaction and capacity-fading mechanisms of tin nanoparticles in 
potassium-ion batteries. Journal of Physical Chemistry C 2017, 121, 12652-
12657.
[149] Ramireddy, T.; Kali, R.; Jangid, M. K.; Srihari, V.; Poswal, H. K.; 
Mukhopadhyay, A. Insights into electrochemical behavior, phase evolution 
and stability of Sn upon K-alloying/de-alloying via in situ studies. Journal of 
the Electrochemical Society 2017, 164, A2360-A2367.
[150] Li, X.; Yang, Z.; Fu, Y.; Qiao, L.; Li, D.; Yue, H.; He, D. Germanium anode 
with excellent lithium storage performance in a germanium/lithium-cobalt 
oxide lithium-ion battery. ACS Nano 2015, 9, 1858-1867.
[151] Abel, P. R.; Lin, Y. -M.; Souza, T. d. ;  Chou, C. -Y.; Gupta, A.; Goodenough, 
J. B.; Hwang, G. S.; Heller, A.; Mullins, C. B. Nanocolumnar germanium thin 
films as a high-rate sodium-ion battery anode material. Journal of Physical 
Chemistry C 2013, 117, 18885-18890.
[152] Baggetto, L.; Keum, J. K.; Browning, J. F.; Veith, G. M. Germanium as 
negative electrode material for sodium-ion batteries. Electrochemistry
Communications 2013, 34, 41-44.
[153] Xianming, W.; Nishina, T.; Uchida, I. Lithium alloy formation at bismuth thin 
layer electrode and its kinetics in propylene carbonate electrolyte. Journal of 
Power Sources 2002, 104, 90-96.
[154] Su, D.; Dou, S.; Wang, G. Bismuth: A new anode for the Na-ion battery. Nano 
Energy 2015, 12, 88-95.
[155] Zhao, Y.; Manthiram, A. High-capacity, high-rate Bi-Sb alloy anodes for 
lithium-ion and sodium-ion batteries. Chemistry of Materials 2015, 27, 3096-
3101.
118
 
[156] Ji, B.; Zhang, F.; Song, X.; Tang, Y. A novel potassium-ion-based dual-ion 
battery. Advanced Materials. 2017, 29, 1700519(1-7).
